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 The orientation of peptides and proteins on surfaces can have drastic implications 
on the function of these interfacial molecules. Interfacial proteins and peptides can play 
crucial roles in biological applications and processes such as antimicrobial selectivity, 
membrane protein activity, biocompatibility, and biosensing performance.  The α-helical 
and β-sheet structures are the most widely encountered secondary structures in peptides 
and proteins. The orientation of interfacial α-helical and β-sheet structure can be 
determined using a combination of linear and second order nonlinear optical vibrational 
spectroscopies, namely Attenuated Total Reflectance Fourier Transformation Infrared 
Spectroscopy (ATR-FTIR) and Sum Frequency Generation (SFG) vibrational 
spectroscopy.  Here in this dissertation, orientation determination methods of the 
interfacial α-helical, 3-10 helical and β-sheet structures, using the combined ATR-FTIR 
and SFG spectroscopic techniques, have been systematically developed. SFG was used to 
probe multiple amide I vibrational modes, which are related to their respective molecular 
hyperpolarizability tensor components through the orientation of the studied secondary 
structures. By implementing the bond additivity model along with group theory, the 
molecular hyperpolarizability tensor was determined for the SFG active vibrational 
modes of the secondary structures from the calculated IR transition dipole moment and 
the Raman polarizability tensor.  The SFG susceptibility ratio of the signals collected in 
different polarization combinations, together with polarized ATR-FTIR amide I signals, 
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can be used to determine the orientation angles of the interfacial secondary structures 
being studied.  As an illustration of the methodology, the orientations of magainin 2 (an 
α-helical peptide), Cytochrome b5 (an α-helical structure containing protein), tachyplesin 













Animal cell membranes are flexible lipid bilayers that are important in many 
biological functions of cells. They play the role of interfacial media between the interior 
of cells and their surroundings; therefore, the processes which govern all interactions 
between cells and their environment happen right at these biological interfaces. More 
specifically, cell membranes are interfacial media at which cellular processes or functions 
such as intra- and inter- cellular communication, protein translocation, signal 
transduction, apoptosis, oxidation or antimicrobial activities occur. The communication 
between cells or organelles within the cells occurs through the signaling molecules (such 
as G-protein, GABA, ion channel proteins, etc) or interfacial interactions in the cellular 
media. The major aim of this dissertation is to establish methods to characterize the 
interactions between the biological molecules and the cellular interfacial media, or cell 
membranes. Even though such research is the focus of the dissertation, the 
characterization methodology developed in this thesis can have much wider applications. 
It can be extended to the studies of bio-molecules on many surfaces and interfaces, 
including interfaces involving artificial biomedical materials, bio-sensing probes, and 
anti-fouling materials used in marine environments.  
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Bio-molecules in nature, e.g., proteins, can have drastically varied structures, 
ranging from a simple structure containing a single α-helix to an extremely complex one 
containing multiple secondary structures. Researchers in many different fields such as 
biophysics, biochemistry, and molecular biology have been working hard to unveil the 
interaction mechanisms of various bio-molecules at bio-interfaces at the molecular level. 
Many different techniques ranging from experimental methods such as Raman 
scattering,1-3 infrared absorption,4-11 oriented circular dichroism,12 confocal laser scanning 
microscopy,13 fluorescence spectroscopy,14, 15 differential scanning calorimetry,16 atomic 
force microscopy,17-19 X-ray diffraction,20 nuclear magnetic resonance21, 22 to molecular 
dynamics simulation23 have been applied in such research.  
Over the last two decades, sum frequency generation (SFG) vibrational 
spectroscopy has been developed into a powerful and highly versatile spectroscopic tool 
for surface and interfacial studies. Our research group has contributed substantially to the 
development of SFG to probe the amide I vibration modes of proteins and peptides and 
use such signals to obtain structural information of these bio-molecules on surfaces/at 
interfaces.24-29 This thesis research is focused on the application of SFG to determine 
secondary structures such as helices and β-sheets of interfacial proteins and peptides.  
1.2 Introduction of nonlinear optical processes 
The nonlinear optical response of a system generally describes the deviation of 
the system from responding linearly to the incident excitation field. The need of using 
higher order nonlinear terms to describe the system is illustrated in Figure 1.1, in which 
the quadratic term describing a harmonic oscillation is far from enough to model the real 
 
response of the system. When the potential energy 
is evident that the harmonic oscillator model and the real potential energy at any point in 
time are much different to each other, especially as time evolves.
Figure 1.1: The real potential versus the potential 
oscillator. 
 
In nonlinear optical 
interact through the nonlinear polarization in a crystal or any material to generate 
beams at new frequencies. In each case, the generated frequency components are 
constrained by certain relationships, depending on which non
3 
is transformed into the time domain, it 
 
described by the harmonic 
spectroscopy, input beams at one or more optical frequencies 






concerned. The polarization induced in a medium can be expanded as a Taylor series in 
the applied electric field 
 = (() + ()+ ()  … )     (1.1) 
where the first term in the series (()) represents the linear effects typically 
described in terms of the dielectric constant or the index of the refraction. The next term 
generates the second-order nonlinear optical effects, which we discuss primarily in this 
dissertation. The third-order term produces higher nonlinear optical effects (e.g., four-
wave mixing). The commonly studied second-order nonlinear optical effects include 
Second Harmonic Generation (SHG), Sum Frequency Generation (SFG), Difference 
Frequency Generation (DFG) and optical parametric amplification (OPA). These 
processes are summarized in Table 1.1. In this thesis research, we will use the SFG as a 
spectroscopic technique, which will be discussed further below.  
In general, these nonlinear optical processes are extremely inefficient when the 
phase-matching condition is not satisfied. For example, the phase-matching problem 
arises because dispersion in the medium causes a phase velocity mismatch between the 
nonlinear polarization of equation (1.1) and the wave it radiates, causing their relative 
phases to walk quickly away from each other and limiting the coherent length in the 
material to a distance typically between a few microns and a few hundred microns. 
Therefore, the phase matching conditions are extremely important especially in the cases 
when the conversion efficiency is of high priority. In particular, OPA and DFG are 
important processes in creating the tunable IR beam in our SFG setups; therefore, the 
phase matching conditions should be strictly met in these conversions. However, in the 
cases in which these nonlinear optical processes are used as spectroscopic techniques to 
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study surfaces/interfaces, it is only extremely important to ensure that right at the 
surface/interface being investigated, the two input beams are spatially overlapped and 
must have a desired phase relationship to each other. 
2nd order nonlinear optical 
process 
Input beams Output beams 
SHG ω1 (ω2),  ω2= 2ω1 
SFG ω1, ω2 (ω3), ω3= ω2 + ω1 
DFG ω1, ω2 (ω2), ω3= ω2 - ω1 
OPA ωpump, ωsignal (ωidler, ωsignal), ωidler= ωpump – ωsignal 
 
Table 1.1: Summary of second order nonlinear optical processes. 
Sum frequency generation (SFG) process has been widely studied. When two 
beams are overlapped spatially and temporally, they interact with a sample and SFG 
signals are produced and may be able to be detected. Our laboratory has been using the 
reflection geometry which minimizes the SFG contribution from the bulk. Using this 
geometry, the sum-frequency efficiency can be obtained from the solution of the wave 
equation.30 With the proper boundary conditions, the sum frequency (SF) intensity is 
given by:31 
 
() =  	!"#$ℏ"&'(( )'(( ()'(( ) )*+(). 	(): ()())()()      (1.2) 
 
where 	() represents the second order surface nonlinear susceptibility of the medium (or 
sample) defined by 	() = 	(): ()(); and () ≡ /()*̂(), with /() 
being the transmission Fresnel factor and *̂() being the unit polarization vector of  
 
().   is the angle between the SF output  beam and the surface normal,  
electric constant at the specified frequency, and 
 The SFG susceptibility 
quantity of a medium, e.g., an ensemble of a certain 
macroscopic quantity is related to the molecular nonlinear polarizability tensor,
the chromophore through the three rotational angles.
123() = ∑ 56〈81′′′9:′;′<′
 The molecular nonlinear polarizability tensor,
can be described by the sum
processes at the molecular level
the SFG signal deconvolution function used in our data analysis.
of the sum-over-state expression 
Figure 1.2: Schematic diagrams
processes. 
6 
() is the input beam intensity at 
	() of a material is a third rank tensor. It is a macroscopic 
type of chromophore. This 
31-36 
′82′83′〉>′′′()      
 >, in the above equation
-over-state expression, which is widely used to treat SFG 
. The description of > is important in the derivation of 
31, 32, 37 The generic form 
for > takes the form of   
 (a Feynman-like diagram) of SFG and DFG 
 is the . 






>(−	@A; C, E) = FGℏ ∑ HIJA IAK IKJ L ( MN OMNPM)( QN RNPQ) +K,A
( MF OMFPM)( QF RFPQ)S +
IJA IAK IKJ L ( MF RFPM)( QF OMFPQ) + ( MN RNPM)( QN OMNPQ)S +
IJA IAK IKJ L ( MN OMNPM)( QN TNPQ) + ( MF OMFPM)( QF TFPQ)S +
IJA IAK IKJ L ( MF TFPM)( QF OMFPQ) + ( MN TNPM)( QN OMNPQ)S +
IJA IAK IKJ L ( MF TFPM)( QN RNPQ) + ( MN TNPM)( QF RFPQ)S +
IJA IAK IKJ L ( MFCFPM)( QN TNPQ) + ( MN RNPM)( QF TFPQ)SU   (1.4) 
For the vibrational SFG spectroscopy discussed in this dissertation, in which one 
of the two input beams is in the infrared frequency region, the transition resonance occurs 
with the incident infrared beam (E). Equation (1.4) takes into account both the diagonal 
(states V = W) and off-diagonal (states V ≠ W) contributions. Within the Born-
Oppenheimer (adiabatic) approximation, the diagonal contribution is dominant and we 
can neglect the off-diagonal contributions; upon algebraic simplifications, equation (1.4) 
becomes 
>Y−	@A; C, E∗[K = F\Q]^ (_]Q`a )bcℏ( QF TFPQ)      (1.5) 
where dK is the half-width of the the transition being described. The equation (1.5) above 
utilizes the spectral line-shape of a vibrational resonance. In this equation (1.5), one can 
see that when E  approaches a vibrational transition frequency K, the SFG signal 
should be resonantly enhanced. µ and α are IR transition dipole moment and Raman 
polarizability tensor for this vibrational transition. As a side note, the Oppenheimer 
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(adiabatic) approximation can be assumed when the quantum states have much more 
energy than the photon’s. 
 As mentioned earlier, the SFG susceptibility 	()observed in the lab is related to 
molecular hyperpolarizability tensor through three rotational angles. Since in many cases 
the hyperpolarizability of a vibrational transition of a functional group can be known, 
measured SFG results are then capable of providing orientational information of such 
functional groups. According to equation (1.3), the expression of 	()contains the three 
orientation angles from the Euler transformation.32, 38     
8 = (8(ψ)8()8(φ))e = 
fg cos (ψ) sin (ψ) 0−sin (ψ) cos (ψ) 00 0 1o g
cos () 0 −sin ()0 1 0sin () 0 cos () o g
cos (φ) sin (φ) 0−sin (φ) cos (φ) 00 0 1op
e
= 
qcos(ψ) cos() cos(φ) − sin(ψ) sin(φ) −sin(ψ) cos() cos(φ) − cos(ψ) sin(φ) sin() cos(φ)cos(ψ) cos() sin(φ) + sin(ψ) cos(φ) −sin(ψ) cos() cos(φ) − cos(ψ) cos(φ) sin() sin(φ)−cos(ψ) sin () sin(ψ) sin () cos() r   
           (1.6) 
where φ, θ, and ψ represent the in-plane rotation, the tilt angle and the twist angle, 
respectively. 
 Even though the 	()tensor has 27 elements, only some of the elements remain 
non-zero, depending on the symmetry of the medium under study. For example, for a 
uniaxial system, there are only 13 non-zero terms38: <<<, <:: = <;; , :<: =
;<; , ::< = ;;< , :;< = −;:< , :<; = −;<: sWt <:; = −<;:. If these non-zero 
elements can be measured in the laboratory, combined with the molecular SFG 
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hyperpolarizability tensor which can be obtained experimentally or computationally, the 
three orientation angles can be deduced. 
SFG is a three-wave mixing process in which the polarization of the input and 
output beams can be adjusted. Different polarization combination of the input and output 
beams will disable or enable some 	()tensor components, allowing certain components 
to be observable in their corresponding polarization combinations only. After the 
consideration of the Fresnel factors which are specifically dependent on the optical 
geometry being used in the measurement, a relationship between the 	() tensor 
components and the SFG signal probed in different polarization combinations can be 
established. The measured 	()tensor components from SFG signals collected using 
different polarization combinations can then be used to determine orientations of 
interfacial molecules. A more detailed discussion on this topic will be presented in the 
data analysis section later in this dissertation. 
1.3 Surface specificity of SFG 
SFG is one of the surface techniques that do not require ultra high vacuum to 
operate, which makes SFG an invaluable technique for studies on biological systems in 
which water presence is unavoidable. The surface specificity of SFG stems from its 
selection rules. SFG is the lowest even order nonlinear optical process and it is described 
by the lowest even order term in the Taylor series (equation 1.1). For even order 
nonlinear optical processes, N(K9!u!K) = −F(K9!u!K). For centrosymmetric media, the 
inversion symmetry will retain the sign of 123()  upon the spatial inversion of the tensor, 
that is: N(K9!u!K) = F(K9!u!K). Most bulk materials are centrosymmetric media. 
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Therefore, the SFG contribution of surfaces/interfaces will dominate over the SFG 
contribution from the bulk which is essentially zero under the electric dipole 
approximation. The introduction of an interface apart from the bulk will create an 
asymmetric plane that gives rise to SFG activity of oriented interfacial molecules. There 
are indeed special cases that SFG signals can be dominated from the contributions of the 
bulk; however, studies of such systems are not within the scope of this dissertation.  
1.4 Applications of SFG vibrational spectroscopy 
 
Recent advances in vibrational spectroscopic techniques such as Attenuated Total 
Reflectance Fourier Transformation Infrared (ATR-FTIR) spectroscopy, Raman 
scattering, vibrational Circular Dichroism (CD) and the newest born, SFG, have enabled 
both the chemical and structural characterization of biological macromolecules due to 
their unique molecular vibrational finger prints.1-11, 24, 26, 29, 39-80  Among these techniques, 
SFG is a second-order nonlinear optical spectroscopic method which is able to measure 
more structural parameters than typical linear vibrational spectroscopic techniques such 
as ATR-FTIR, Raman scattering or CD because more beams are involved in the 
experiment. Even though these typical linear spectroscopic techniques can provide a 
wealth of information regarding the interfacial structures of macromolecules, they also 
have their own limitations: they are not intrinsically surface-sensitive and sometimes not 
enough information regarding orientation and other structural parameters can be 
obtained. 
Being a combination process of IR absorption and anti-Stokes Raman scattering, 
SFG inherits most (if not all) the advantages that ATR-FTIR and Raman possess. Such 
advantages include the capability to perform chemical identification of samples, the 
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viability to perform experiment in situ, the relatively simple sample preparation 
requirement, the rapid data collection speed (in the time scale of minutes per spectrum as 
opposed to hours using other techniques), and being non-destructive to biological 
samples. SFG also has its own advantages over the linear optical vibrational 
spectroscopic techniques: it is intrinsically surface sensitive that excludes SFG 
contribution from the bulk; and it requires an extremely small amount of sample due to 
its superb detection sensitivity. With the combination of these advantages, SFG has been 
developed to be an excellent technique to study the structure of interfacial proteins at 
solid/protein solution interfaces with the bulk concentration of the protein solution in the 
nanomolar range.24-26, 81 
Usually SFG signals are generated from an infinitely sharp interface. For an 
adsorbed protein layer, which is much thicker than an infinitely sharp interface, we have 
demonstrated using a thin film model that SFG signals can be treated as generated from 
the entire protein molecule (or the entire adsorbed protein layer) for interfacial protein 
structure determination.82 
1.5  Instrumentation 
1.5.1 SFG laser system 
In our SFG laser system, the sum frequency generation signals from the samples 
are collected by overlapping temporally and spatially a visible beam and a tunable 
infrared beam on a sample surface or at a sample interface.  The visible beam at 532 nm 
is generated by frequency-doubling the fundamental (1064 nm) 20 picosecond pulses 
output from an EKSPLA Nd:YAG laser.  The infrared beam is tunable from 2.5 to 10µm, 
(1000 to 4000 cm-1).  It is generated from an optical parametric generation/amplification 
 
and difference frequency
angles of the temperature stabilized LBO and AgGaS
on the sample with diameters of approximately 0.5 mm. 
Two photodiodes are used to monitor the input visible beam and infrared
powers.  These are used for normalization purposes to eliminate artifacts in the SFG 
signal caused by the wavelength dependency of the LBO and AgGaS
producing the tunable infrared beam, or the fluctuation of the visible beam
signal from surfaces/interfaces is collected by a photomultiplier tube and processed with 
a gated integrator.  Surface vibrational spectra are obtained by measuring the SFG signal 
as a function of the input infrared frequency.  SFG spectra with different pol
combinations including ssp (s
and p-polarized infrared input), ppp, pss, spp and sps can be collected to probe 
orientation of surface chemical groups.
Figure 1.3: Schematic block diagram of the SFG setup in 
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 generation system (from ESKPLA) by adjusting the rotation 
2 crystals.  Both beams are focused 
 




2 crystals in 





1.5.2  Optical setup in SFG signal collection.  
1.5.2.A  Sample on window substrates.
Window substrates have essentially two parallel surfaces, one of which is 
deposited with a sample. 
as fused silica or CaF
transparent in mid-IR range, therefore, can be used for studies of amide I vibrations, 
C-F or C-D stretches. 
its durability, it is not transparent in the amide I, C
regions. The experimental geometry using window substrates (window geometry) can 
be used in two differen
containing the sample to be on the top surface or the bottom surface, respectively. 
The graphical illustrations of these geometries can be found in figure 
 
Figure 1.4: Face up and 
 
1.5.2.B  Sample on prism substrates.
Right prisms made of fused silica or CaF




These substrates can be made from different materials such 
2, depending on the particular purpose they are used for. CaF
Whilst fused silica is preferred for C-H stretches st
-F or C-D stretching frequency 
t ways: “face up” or “face down”, indicating the side 
            
face down window geometries. 
 
2 can be used for the so called “near total 
 
2 is 





This geometry gives us much stronger SFG signal than the window geometry, which can 
be quantitatively explained by the calculation of the Fresnel coefficients, wh
discussed in detail in chapter 2.
Figure 1.5: Near total reflection prism geometry.
1.6 Biological systems studied in this dissertation
The biological molecules studied in this dissertation are primarily proteins and 
peptides. The interfacial environments encountered in this dissertation research are 
substrate supported lipid bilayers, which model either mammalian or bacterial cell 
membranes. There has been extensive research on the properties of this type of model 
membranes by various groups.
chain orientations, the transition temperature of the lipid bilayers in the pure or mixture 
form as well as the effects 
the interactions between biomolecules and lipid bilayers can also be characterized by 
monitoring the responses of the bilayers 
Proteins and peptides have different secondary structures such as 
helices, random coils, β
vibrational spectroscopic techniques such as ATR






52, 60, 63, 83, 84 Such studies focused on the lipid hydrophobic 
of cholesterol on the bilayers’ physical properties. In addition, 
after these interactions occur. 55 
-sheets, turns, etc, compromised by amino acids. Using 
-FTIR and Raman, orientation 




methyl/methylene C-H stretches85 or the amide I (mainly C=O stretching) vibrational 
modes. In addition, there have been many excellent studies on the orientation 
determination of interfacial α-helical/β-sheet structures using other techniques such as X-
ray diffraction and solid state NMR. Our research group focuses on the development of 
SFG into a powerful technique to determine the orientation of secondary structures using 
the amide I mode. We have made substantial progress in such research after the year of 
2003, when we demonstrated the feasibility to detect the SFG amide I signal of interfacial 
proteins/peptides for the first time. Since then, we have developed SFG data analysis 
methods to deduce interfacial alpha helical structure orientation and used the methods to 
study various peptides and proteins, including melittin, G-protein, cecropin P1, 
alamethicin, magainin 2, pardaxin, and cytochomes. In addition to determine the average 
orientation of interfacial peptides and proteins, we also expanded the analyses to deduce 
multiple orientations that the helical structures may adopt at an interface. We introduced 
the maximum entropy approach as well in such studies. 86  
Even though the data analysis using SFG amide I signal for orientation 
determination of secondary structures is rather complex, the signal/noise ratio of SFG 
amide I signals is excellent, yielding more accurate results than those obtained from 
conventional spectroscopic techniques such as ATR-FTIR (which suffers from the 
overlap between the amide I signal and water bending signal),44 or Raman (which suffers 
from the fluorescence background and lower signal intensity). SFG studies on biological 
systems, therefore, can be performed with conditions that no preceding technique has 
access to. This thesis research focused on the development of orientation determination 
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methodology of various secondary structures of interfacial peptides and proteins using 
SFG amide I signals.      
1.7 Summary of the dissertation research 
Chapter 2 of this dissertation introduces a new approach that refines the 
orientation determination methodology for interfacial alpha helical structures using SFG 
previously developed by our research group.26, 29 While the previous methodology takes 
advantage of the experimental measurements of an indefinitely long α-helix to calculate 
the SFG hyperpolarizability tensor of the α-helical structure being studied, the new 
approach introduced in chapter 2 calculates these quantities, which, in principle, is able to 
provide better accuracy in the determination of the alpha helical structure orientation. In 
this calculation method, we implemented the bond additivity model, along with the group 
theory to compute the molecular Raman polarizability tensors and the IR transition dipole 
moments of alpha helical structure. This approach is then extended to the orientation 
analysis of 3-10 helical structures.     
Chapter 3 of this dissertation applies the results deduced in chapter 2 to analyze 
the orientation of an antimicrobial peptide, magainin 2, in a model bacterial membrane. 
The average orientation of magainin 2 molecules adsorbed onto a mammalian model 
membrane was also studied. This is the first time a quantitative orientation determination 
of magainin 2 in a model cell membrane is reported. The orientation of magainin 2 
molecules inserted into a model bacterial membrane agrees well with the MD simulation 
results in the literature.87 The non-disruptive behavior of the peptide against mammalian 
cell membranes was verified by its orientation after adsorbing onto a model mammalian 
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model cell membrane, a POPC/POPC lipid bilayer (POPC- 1-Palmitoyl-2-Oleoyl-sn-
Glycero-3-Phosphocholine). 
Chapter 4 of this dissertation applies the results presented in chapter 2 to analyze 
the orientation of a more complex bio-molecule, a protein called Cytochrome b5, in lipid 
bilayers. This is a collaborative project with Dr Ronald Soong at Ramamoorthy’s group 
at the University of Michigan. In this study, the orientation of the alpha-helical 
membrane anchor domain in the lipid bilayer’s hydrophobic region was determined using 
SFG. Such results are well correlated to those from NMR studies. In addition, a thorough 
SFG study on the role of the linker connecting the water soluble domain and the 
membrane anchor in Cytochrome b5 was conducted. A temperature dependent SFG study 
on the insertion of the membrane anchoring domain into the lipid bilayer was also 
performed. 
Chapter 5 of this dissertation develops the orientation analysis methodology of 
interfacial anti-parallel β-sheet structures. The average orientation of this structure, which 
includes the tilt and the twist angles, can be determined by combining the amide I SFG 
achiral and chiral signals along with polarized ATR-FTIR amide I signals. 
Experimentally, the orientation of a β-sheet antimicrobial peptide, tachyplesin I, when it 
adsorbed onto a polystyrene polymer surface, was determined explicitly. In addition, the 
orientation of this peptide upon its interaction with a DPPG/dDPPG lipid bilayer was 
determined using the discussed method (DPPG - 1,2-Dipalmitoyl-sn-Glycero-3-
[Phospho-rac-(1-glycerol)] and dDPPG - 1,2-Dipalmitoyl-D62-sn-Glycero-3-[Phospho-
rac-(1-glycerol)]). This work was carried out with Mr. John King, a rotation graduate 
student in our group. 
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Chapter 6 concludes the scope of the presented research work in this dissertation. 
Future directions and applications of the work will also be included.  
1.8 Supplemented concepts extensively used in this dissertation 
1.8.1. Introduction of the bond additivity model 
 The bond additivity model can be used to calculate IR transition dipole moments 
and Raman polarizability tensors of a vibrational mode of a molecule or a functional 
group according to their symmetry properties. The calculation uses the IR transition 
dipole moments and Raman polarizability tensors of the individual molecule or 
functional groups. In this model, the Raman polarizability tensors and the IR transition 
dipole moments of the individual vibrations couple with each other, forming a normal 
mode coordinate under a specific molecular symmetry point group.88 For example, α-
helical and 3-10 helical structures can be treated as having C3v symmetry point group, 
while the anti-parallel β-sheet structures belong to D2 symmetry point group. 
 The IR transition dipole moment and the Raman polarizability derivative of the 
individual vibrations can be obtained from ab initio calculations or by experimental 
means (using polarized IR absorption or Raman Scattering spectroscopies).89, 90 SFG can 
be regarded as a combination of IR absorption and Raman scattering. Therefore, SFG 
hyperpolarizability can be calculated from the product of the Raman polarizability tensor 
and the IR transition dipole moment. Typically, the calculation of an IR transition dipole 
moment can be performed at a high accuracy (e.g., using ab initio). On the other hand, 
the calculation of a Raman polarizability tensor may not be accurate because of the 
virtual states in the Raman process should be included in the calculation. Therefore, we 
used the experimental reported outcomes for both the IR transition dipole moment and 
19 
 
the Raman polarizability tensor of an individual peptide amide I unit to calculate the IR 
transition dipole moment and the Raman polarizability tensor of a secondary structure. 
The theory of integrating the IR transition dipole moment and the Raman polarizability 
tensor of individual vibrations, first proposed by Higgs,8 has been widely applied in the 
interpretation of IR and Raman spectra. More details of this method will be discussed in 
further detail in chapter 2.  
1.8.2 Symmetry point groups of helical and β-sheet structures 
 The α- and 3-10 helical structures can be analyzed using C3v symmetry. For a C3v 
mode, there are three irreducible representations, A1, A2, and E. An SFG mode is only 
active when this mode is both IR and Raman active. The A2 mode of a C3v symmetry 
point group is not Raman active; therefore it is not SFG active. A C3v character table is 
shown below, with the A2 irreducible representation being neglected, because it is not 
SFG active. 
vu E 2v (x) 3zu Linear (IR) Quadratic (Raman) 




± Є∗  
2 -1 0 ,  = ( + ) ± ( − ) (x, x; x, x) = (x + x, x + x)  ±  (x − x, x − x) 
 
Table 1.2: The character table of the C3v point group. 
 
  In the above table (1.2), column 1 lists the irreducible representations of the point 
group. In spectroscopy, they represent the vibrational modes of the oscillators. The 
directions of the changes in the IR transition dipole moment and the Raman polarizability 
tensor are shown in the fifth and sixth columns, respectively. From Table 1.2, one is able 
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to recognize the vibrational mode (at the molecular level) that each component of the IR 
transition dipole moment vector and the Raman polarizability tensor represents. For 
example, the A1 mode is supposed to be the symmetric mode in which the change in the 
IR transition dipole moment occurs in the z direction and its magnitude is described by 
the z component of the transition dipole moment vector. 
Anti-parallel β-sheet structures are characterized to have D2 symmetry whose 




v (x)  
 




Linear  Quadratic  
 1 1 1 1 
 
2, 2, x2 
 1 −1 1 1 x  
 1 1 −1 1  x 
 1 1 1 −1  x 
 
Table 1.3: The character table of the D2 point group. 
   As one can see from this character table (1.3), the three modes B1, B2 and B3 are 
IR active (the linear terms), while all the four modes (A, B1, B2, B3) are Raman active 
(the quadratic terms). We can also tell the relative directions of the IR transition dipole 
moment vectors and Raman polarizability tensor components according to the character 
table. 
1.8.3  s  and p polarized light 
To separate the vibrational modes in optical spectroscopy, the excitation source 
(e.g., a laser beam) is often polarized, meaning the excitation is restricted to a certain 
 
direction only. In most cases, linear polarized beams are used in ATR
experiments. The linear polarizations, s and p, are used to characterize the polarizations 
of the linear beams. For SFG studies on a surface or an interface, usually we define the 
sample plane (or sample surface/interface) as xy plane, and the surface norma
direction. In this case, the s polarization describes the electric field of a beam lies in the 
yx plane, whilst the p polarization described the electric field lies in the xz plane, as 
shown in Figure 1.6. 
Figure 1.6: s and p polarized light. Re
electric field. 
By taking advantage of polarized light in optical vibrational spectroscopy, we can 
separate the vibrational modes of the molecules under study, allowing for different 
independent measurement
IR beams can be used to separate the x, y and z components of the transition dipole 
moment. In SFG, several polarization combinations of the input IR and visible beams as 
well as the output SF bea
hyperpolarizability susceptibility components.
1.8.4  Fresnel coefficients
21 
d: s polarized electric field, black: p polarized 
s. For example, in ATR-FTIR spectroscopy, s and p polarized 
m can be used to separately probe different SFG 
 
 
-FTIR and SFG 
l is z 
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 When light hits an interface between two media of different refractive indices, the 
fraction of light that transmits and reflects can be calculated accordingly. This fraction 
depends on the refractive indices of the two media, the incident angles of the light, and its 
polarization. For the prism geometry used in the SFG experiments throughout this 
dissertation, the combined Fresnel coefficient for each polarization combination was 
calculated and factored into the data analysis. For instance, the input IR and visible 
beams have to be transmitted through the air/substrate interface, then through the 
substrate/sample interface in order to reach the sample. We probe the SFG signal which 
is transmitted through the sample/substrate interface, then the substrate/air interface. The 
fraction of s and p polarized light that reflects and transmits through an interface can be 
calculated using the following formulas: 
8	 = K(#`FK"	#K(#`NK"	# ,            	 = 1 −  8	                (1.7) 
  
8
 = K(#FK"	#`K(#NK"	#` ,           
 = 1 −  8
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ORIENTATION DETERMINATION OF PROTEIN 
HELICAL SECONDARY STRUCTURE USING LINEAR 
AND NONLINEAR VIBRATIONAL SPECTROSCOPY 
 
2.1 Introduction 
Proteins and peptides play a crucial role in many biological functions in living 
organisms, from enzymatic reactions to ion transportation. Proteins are also widely used 
in many applications such as biosensing, food production, anti-biofouling, and 
therapeutic agents for various diseases. Because of the importance and prevalence of 
proteins, their structures have been a subject of study in both science and engineering 
fields. The α-helix and β-sheet structures are the two most common protein secondary 
structures, which were proposed by Pauling based on the structural characteristics of 
amino acids and small peptides in 1951.1 In this chapter, we will focus on the study of 
helical secondary structures. 
Helices especially α-helices are important structures in membrane associated 
peptides and membrane proteins. Membrane peptides with α-helical structures play 
important roles in numerous biological processes. For instance, various natural and 
synthetic peptides, many of which adopt α-helical structures in cell membranes, have 
been proposed and tested as antibiotics to prevent bacteria drug resistance.2-6 The 
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examination of the structural and orientation information of such helical peptides in cell 
membranes will aid in the rational design of antimicrobial peptides with improved 
activities. Membrane proteins with α-helical domains (e.g., potassium ion channels and G 
proteins) are crucial in cell biological functions such as ion transport and signal 
transduction, and elucidating relevant orientation information of these helices will lead to 
a more detailed understanding of function.7-10  
Pauling’s idea of a non-integral α-helical structure was remarkably innovative. He 
came up with a model of such accuracy that it could not be surpassed for over 40 years. 
Surprisingly, Pauling came up with the model using a sheet of paper and in a couple of 
hours, while he was visiting Oxford sick with a cold.11 Three years after his visit to 
Oxford, Pauling published the two helical models that he called the α-helix (3.7–residue 
helix) and gamma-helix (5.1-residue helix).1,12  Even though the gamma-helical structure 
has never been discovered in any protein structures, the α-helical one was found to occur 
most frequently in nature and Pauling’s theoretical model was proved to match closely 
with the x-ray crystallography data of the actual structure.  Even back in the days before 
the x-ray structure was elucidated, Bragg’s colleague, organic chemist Todd, personally 
admitted to Bragg that he preferred Pauling’s model over Bragg’s which was published a 
year earlier. Bragg’s model was simply proposed through the enumerated possible helical 
structures with integral numbers of amino acid residues per turn.13  Perutz also confirmed 
the α-helix model proposed by Pauling almost immediately after he came across 
Pauling’s paper on the model.11  
Vibrational spectroscopic techniques have been widely used in the studies of 
proteins, including the orientation determination of helical structures. Widely used 
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vibrational spectroscopic techniques include polarized Attenuated Total Reflectance-
Fourier Transform Infrared Spectroscopy (ATR-FTIR),14-28 polarized Raman 
spectroscopy,19,20,29-38 and recently Sum Frequency Generation (SFG) vibrational 
spectroscopy.39-55 The orientation analyses of helical structures using these techniques 
require knowledge of the detailed structure of the helices at the atomic level. For 
example, for polarized ATR-FTIR studies, in order to measure the order parameter, S, of 
the amide I vibrational mode of a helix, which is necessary to determine its overall 
orientation, it is essential to know the detailed structure of the helix, as well as the 
relative angular position between the transition dipole moment and the helical 
axis.15,21,23,28 For Raman studies, atomic structural details of helices are also required to 
correlate the polarized Raman results to the orientation of the helix by projecting the 
Raman tensor onto the molecular frame of the helix. For SFG, which can be regarded as a 
combination of infrared (IR) absorption and Raman scattering, to determine the 
orientation of a helix using polarized SFG spectra, it inevitably requires knowledge of the 
detailed structure of the helix. Due to the accuracy of Pauling’s proposed α-helical 
structure, it has been used extensively in the orientation determination of α-helices using 
vibrational spectroscopic techniques.  
ATR-FTIR and polarized Raman have been applied to investigate orientation of 
protein and peptide structures including helical structures.14,15,23,28,31,33,38 More details about 
such research will be discussed later in sections 2.3 and 2.6. SFG has several advantages 
over ATR-FTIR and polarized Raman to study orientation of proteins and peptides at 
interfaces and in cell membrane environments. Details regarding such advantages have 
been discussed in a recent review paper56 and will not be repeated here. The combination 
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of different vibrational spectroscopic techniques in the study provides more measured 
parameters for orientation determination of peptides and proteins, aiding in the deduction 
of more complicated orientation distributions, which will also be discussed in detail later 
in section 2.6. 
SFG Amide I signal of an interfacial α-helical structure was successfully 
observed in 2003,57 and subsequently,  SFG methodologies were developed to determine 
the orientation of α-helical structures. First, group theory and the projection operator 
method were applied to calculate qualitatively the SFG hyperpolarizability tensor and its 
relation to SFG measured susceptibility tensor.58 The orientation of fibrinogen at a 
polymer/protein solution interface (based on its α-helical coiled coils),59 α-helical 
melittin in a lipid bilayer,60 and Gβγ associated with a lipid bilayer (based on its α-helical 
domains), were then experimentally measured.61 We found that fibrinogen molecules 
adopt a broad orientation distribution on the polymer surface; melittin molecules exhibit 
two well-defined orientations: one parallel to the bilayer surface and another one 
perpendicular to it; and that the Gβγ  orientation is influenced by the lipid composition in 
the bilayer. In this chapter, we systematically present the detailed methodology to 
determine the orientation of α-helical structures using SFG. The majority of these details 
have not been reported previously. We also validate various parameters needed to 
develop and refine the methodology. This study further extends the method to determine 
the orientation of 3-10 helices and discusses whether the number of peptide units in a 




2.2 Orientation Determination of an α-Helix 
2.2.1 Introduction of Pauling’s α-helix 
The first and most important assumption that Pauling and his coworkers made in 
their model of an α-helix was that each peptide bond is planar due to the resonance 
structure between the carbonyl C=O bond and the amide C-N bond.1 Based on this 
assumption, two helical models were constructed and proposed: a gamma-helix and an α-
helix, with 5.1 residues per turn and 3.7 residues (later refined to 3.6 residues according 
to X-ray diffraction results) per turn, respectively.   
In a Pauling α-helix, the structure repeats itself every 5.4 Å along the helical axis. 
Alpha-helices have 3.6 amino acid residues per turn. Each residue is related to the next 
one by a translation of 1.5 Å along the helical axis and a rotation of 100o (Figure 2.1). 
One important aspect of this structure is the intra-molecular hydrogen bonding scheme 
that renders the structure very stable. Every backbone carbonyl C=O and N-H group on a 
peptide unit is hydrogen-bonded to another N-H and C=O, respectively, on another unit 
four residues away. Additionally, the backbone C=O groups point in the same direction, 
while the N-H groups point in the opposite direction.  
Extensive research has been done to analyze the three amide I vibrational modes 
of α- helices19,33-35,37,62-68: A, E1 and E2. The two modes A and E1 are IR active, while all 
three modes are Raman active. Because an SFG active mode needs to be both IR and 
Raman active, only the A and E1 modes are SFG active. The A and E1 modes are parallel 











Figure 2.1: Correlation between the direction of the amide I transition dipole 
moment in one peptide unit and the molecular axis of an α-helix. 
 
The SFG hyperpolarizability tensor can be expressed as a tensor product of the IR 
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 are the IR dipole moment and the Raman 
polarizability derivatives with respect to the normal coordinate of the qth vibrational 
mode, respectively (in this thesis, we refer to these derivatives as components of IR 
transition dipole moment and components of Raman polarizability tensor, respectively).  
As Eq. (2.1) indicates, if both the IR transition dipole moment and Raman polarizability 
tensor are known, the SFG hyperpolarizability tensor of that vibrational mode can be 
deduced. In this study, the IR transition dipole moment and Raman polarizability tensor 
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for a helix are calculated from the IR transition dipole moment and the Raman 
polarizability tensor of a peptide unit using the bond additivity model according to the α-
helix symmetry and structure (Sections 2.2 and 2.3). These calculated quantities are 
compared to and validated by the experimentally measured quantities acquired by 
polarized IR and Raman spectroscopic techniques in the literature. The SFG amide I 
hyperpolarizability tensor for an α-helix is then deduced by incorporating these values 
into Eq. (2.1).  
2.2.2. IR transition dipole moment of an α-helix amide I mode 
Higgs successfully applied group theory to characterize and derive the selection 
rules of the amide I modes of an α-helix in 1953.19 According to Higgs, the components 
of the dipole moments (M+, M-, Mo) of the n
th peptide unit are: 
                                      N(W) =  N*K                              (2.2)  
     F(W) = F*FK                               (2.3)    
                                     (W) =                 (2.4) 
where ψ indicates the angular distance around the helical axis between two adjacent 
peptide units; M+(n), M-(n) and Mo(n) are the dipole moment components of the n
th 
peptide unit that are involved in the absorption of right circularly polarized, left circularly 
polarized, and linearly  parallel polarized IR radiation, respectively; and the terms 
*K sWt *FKperform the translations from the first peptide unit to the nth peptide unit.   
The two types of linearly polarized light, parallel and perpendicular, are referenced to the 
principal axis of the helix. 
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The IR absorption intensities of each dipole moment component, for the entire α-
helix, can be determined by summing over all the peptide units. For the IR absorption 
using the right/left circularly polarized or linearly perpendicular polarized light,  
                                      ⊥ =  ∑ ±()WK9         (2.5) 
where φi is the angle between the transition dipole moment Mi and the helical axis, and fi 
is a proportional factor. 
For the linearly parallel polarized absorption,  
                // = ∑ K9           (2.6) 
 Therefore, the absorption intensity ratio between the perpendicular and the parallel 
modes is: 
                                               
11∥ =  ∑ sW ±()9            (2.7) 
The angle φi can be deduced by measuring the dichroic ratio of amide I modes of 
perfectly aligned α-helical structures. After φi is deduced, polarized IR measurements can 
be used to determine the orientation of α-helical structures.   
There have been numerous efforts to deduce the angle φi using IR dichroism from 
polarized FTIR experiments. In the early 1960’s, a series of findings reported φi values 
ranging from 30 to 40 degrees.  Among these studies, both Miyazawa and Blout (φi= 29-
34o),24and Tsuboi (φi= 39
o)27 reported their measurements on the α-helix of poly-γ-
benzyl-L-glutamate. Bradbury et al. studied the structure of the ω-form of poly-β-benzyl-
L-aspartate (φi=40
o).17 This type of work has also been done more recently. In 1995, φi 
was determined by Axelsen from his studies on peptide L24 (φi<34
o),14 and in 2000 by 
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Marsh from studies on poly(γ-methyl-L-glutamate)x-co-(γ-n-octadecyl-L-glutamate)y (φi= 
38o).23 As discussed by Bradbury et al., Miyazawa and Blout assumed the planar 
orientation in the model instead of uniaxial like others and that caused his result to be 
slightly different from others. If a uniaxial model had been applied in Miyazawa and 
Blout’s analysis, a range of 33o-37.5o would be deduced from their data, which would be 
correlated better with other studies.17  
 Since the α-helices used in the research mentioned above may not be ideal and 
can vary from one sample to another, the amide I signals may not be simple and/or 
straightforward for analysis. The amide I signal can be affected by the hydrogen bonding 
scheme and the dipole-dipole coupling among the neighboring groups within a particular 
α-helical structure. This could explain the discrepancies among the reported φi values of 
α-helical structures with a varying number of peptide units, but such discrepancies are 
not substantial.  
Here, a methodology is implemented, similar to that proposed by Suzuki, to 
calculate the ratio between the dipole moment projections perpendicular and parallel to 
the principal axis of an α-helix.26 Wang’s corrected φi angle of 42
o is used in these 
calculations.59 It is interesting that Marsh also found through transmission FTIR that φi 
should be 42o.23 The results from the calculations are then cross-checked with the 
calculations from Choi69 and the experimental data obtained from α-Poly(L-alanine)37  
and  PG3023, which possess well-defined right-handed α-helical structures (see below for 
more details).  
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The parallel and perpendicular components (relative to the principal axis) of the 
amide I IR transition dipole moment of an α-helix are calculated using the bond 
additivity model. In this model, the dipole moment of each peptide unit in the helix is 
projected onto the parallel and perpendicular directions in the helix molecular frame. The 
projections of these dipole moments onto the parallel and perpendicular axes in the 
molecular frame are then integrated to obtain the perpendicular and parallel dipole 
moment components of the helix. The calculated IR transition dipole moments for the 
two IR allowed amide I modes of an α-helix are: 
For the A mode (the parallel mode): 
                                      L \ ¡S (0) = g 0013.38o                        (2.8) 
For the E1 mode (the perpendicular mode): 
                                     L \ ¡S (100) = g 6.026.020 o                      (2.9) 
From these results, the ratio of M(y+x)/Mz can be deduced as 0.64. This calculated 
ratio matches closely with the value of 0.62 obtained from polarized IR measurements 
using well-aligned α-helical α-Poly(L-alanine) by Lee et al.20 This value also falls within 
the experimental range of 0.5 to 1.0 determined by polarized IR spectra of α-helical PG30 
by Marsh et al.23 Moreover, it is in good agreement with the calculated result from Choi 
that suggests a M(y+x)/Mz ratio of 0.62.69 The bond additivity method used to calculate the 
IR transition dipole moment of an α-helix appears to yield a reasonably accurate 
M(y+x)/Mz ratio of 0.64.  
 
 
2.2.3. Raman polarizability tensor of an 
The Raman tensors of vibrational modes of various 
ester C=O stretch, the amide I and III modes, and the C
successfully described by Tsuboi by investigating Raman spectra of a uniaxial tetragonal 
aspartame crystal.30 The Raman tensor for the amide I mode (Figure 
following form:
  
                                 
 
Figure 2.2: Axes for the amide I Raman tensor of a single peptide group.
For a regular helical structure with infinite length, according to its symmetry, the 
three tensors of the vibrational modes A, E
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Because the E2 mode is not IR allowed, it is not necessary to consider this mode 
while calculating the SFG hyperpolarizability, and will thus be ignored in the remainder 
of this discussion. 
In the case of the α-helical structure, the Stokes Raman polarizability tensors of 
the vibrational modes A and E1 can be written as the following: 
For the A mode: 
L _ ¡S 0  q¬­
CC0*®¯° 0 00 ¬­EE0*®¯° 00 0 ¬­""0*®¯°r            (2.14) 
where ¬­CC0 = ¬­EE0. 
For the E1 mode: 
L _ ¡S 100  ±
0 0 0¬­"C0*®²°0 0 0¬­"E0*®²°N³¬­C"100*®²° ¬­E"0*®²°N³ 0 ´ (2.15) 
L _ ¡S ?100  ±
0 0 0¬­"C0*F®²°0 0 0¬­"E0*F®²°N³¬­C"100*F®²° ¬­E"0*F®²°N³ 0 ´ (2.16) 
where ¬­C"100=¬­E"100   ¬­"C100   ¬­"E100, Θµ and Θ¶   are only 
generic phase terms. While all amide I groups in different peptide units vibrate in phase 




 Based on the symmetry and structure, the Raman polarizability tensors for an α-
helix can be obtained, as shown above. The Raman tensor components can now be 
quantitatively deduced from Tsuboi’s Raman tensor of aspartame,30 which can be used to 
represent a peptide unit in an α-helix. In order to apply Tsuboi’s Raman tensor to the α-
helical structure, a transformation needs to be applied to bring Tsuboi’s Raman tensor to 
the first peptide unit of the α-helix in the molecular frame. Pauling proposed an accurate 
α-helical structure but his model was that of a left-handed helix, while most (if not all) of 
the α-helical structures in nature are right-handed. The left-handed and the right-handed 
α-helices are mirror images of each other and therefore the absolute value of the overall 
calculated Raman tensor is not affected. However, the right-handed version of Pauling’s 
helix will be used in subsequent discussions due to its relevance in nature. The Euler 
angles transforming Tsuboi’s Raman tensor to the first peptide unit in the right-handed 
version of the Pauling helix are: ϕ = 0o, θ = 133.3o and ψ = 270o using the x-convention 
rotation. The Euler transformation in the x-convention will yield the following rotation 
matrix: 
· =
q cos(¸) cos() − sin(¸) cos() sin () cos(¸) sin() + sin(¸) cos() cos() sin(¸) sin()−sin(¸) cos() − cos(¸) cos() sin () −sin(¸) sin() + cos(¸) cos() cos () cos(¸) sin()sin() sin () −sin() cos() cos() r                            
(2. 17) 
 
With the set of Euler angles listed above, this rotation · matrix becomes: 
 
·J,.,¹J = g0 0.686 −0.7281 0 00 −0.728 −0.686o      (2.18) 
 
The rotation is applied on the coordinate system (a,b,c) which describes the tensor as: 
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¥:,;,< = · ¥C,E," ·e                                                                                  (2.19) 
Therefore, 
¥ =
g0 0.686 −0.7281 0 00 −0.728 −0.686o g
0.05 0 00 0.2 00 0 1.00o g
0 0.686 −0.7281 0 00 −0.728 −0.686o
e
=
g0.624 0 0.4000 0.05 00.400 0 0.577o                  (2.20) 
 Due to the uniaxial property of the α-helix, all the peptide units are assumed to be 
approximately identical and can thus be transformed geometrically onto each other. This 
makes the process of obtaining the helical total Raman tensor much simpler. The Raman 
polarizability tensor for each peptide unit in the α-helix can be obtained by successively 
performing 100 degree rotations around the helical axis to move from one peptide unit to 
the next. The Raman tensor of the entire α-helix can be calculated by multiplying the 
Raman tensor of each peptide unit with the phase factor in the vibrational mode and then 
summing over all of them. The A mode vibrations of all the peptide units are all in phase. 
Therefore, the Raman tensor for the A mode of an ideal α-helix can be calculated as: 
¥F
= ¼ g cos (100i) sin (100i) 0−sin (100) cos (100i) 00 0 1o
e g0.624 0 0.4000 0.05 00.400 0 0.577o g
cos (100i) sin (100i) 0−sin (100) cos (100i) 00 0 1o
¹
9J  
                     (2.21) 
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The Raman polarizability tensors of the E1 modes can be calculated similarly after 
incorporating the phase difference between the adjacent peptide units. The deduced 
Raman polarizability tensors of the A and E1 modes are: 
For the A mode: 
L _ ¡S (0) = g6.1 0 00 6.1 00 0 10.4o              (2.22) 
For the E1 mode: 
L _ ¡S (100) =  g 0 0 3.60 0 3.63.6 3.6 0 o             (2.23) 
These results agree very well with experimental results found in the literature. For 
example, αbb/αcc and αcb/αcc can be calculated to be 0.59 and 0.35, respectively. The 
calculated αbb/αcc value (0.59) is similar to the widely used value reported by Tsuboi et al. 
of 0.54.70  In general, the above calculated A and E1 mode Raman polarizability tensors 
of an α-helix closely match the experimentally measured values reported in the 
literatures, which were determined with polarized Raman experiments on well-aligned α-
helical samples. For the A mode, an experimental ratio of αbb/αcc within a range of 0.53 to 
0.64 was reported, which is in good agreement with our value of 0.59. Many of these 
values are obtained using the assumption that all the α-helical structures are perfectly 
aligned along the z-axis (or the fiber axis when fiber samples are used) in the Raman 
experiments. For example, Wilser et al. measured this ratio to be 0.55 according to their 
polarized Raman studies on the α-helical polypeptide, poly-γ-benzyl-L-glutamate.29 
Using a wool fiber, Rintoul et al. measured this value to be 0.62.71 Ackermann et al. 
obtained a ratio of 0.62 by experiments on α-helices in intact human hair.72 Overman et 
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al. deduced this value to be 0.58 by performing measurements on α-helical pVIII 
subunits in the filamentous virus Ff (fd, f1, M13).31 Tsuboi et al. studied the α-helical 
coat protein in filamentous bacteriophage PH75 and found the value to be 0.64.38 In the 
last two experiments the authors did not use the experimentally measured values as 
αbb/αcc, instead, they used these values and calculated value of 0.54 to determine the 
orientation of the helices. Perhaps in these samples, the α-helices were actually more or 
less aligned along the z-axis.    
The αcb/αcc value has also been measured experimentally using polarized Raman 
experiments. Rintoul et al. measured this value to be 0.39 by studying a wool fiber. Lee 
et al. investigated well-aligned poly-alanine samples and obtained a value of 0.35.37 
Wilser et al. reported this ratio to be between 0.34 and 0.40 in their studies on α-helical 
poly-γ-benzyl-L-glutamate.29 These experimental values are all comparable to our 
calculated value of 0.35. Therefore we believe that this calculated value is also correct. 
Using these two tensors combined with the transition dipole moment calculated earlier, 
we can calculate the needed hyperpolarizability components for our later SFG data 
analysis. 
2.2.4. SFG data analysis for α-helices based on the calculated IR 
transition dipole moment and Raman polarizability  
The SFG hyperpolarizability tensor is a third-rank tensor with 27 elements. It is a 
tensor product of the Raman polarizability tensor and the IR transition dipole moment 
(Eq. (2.1)). The theoretical background of SFG has been discussed in great details in 
many publications39-61,73-76 and will not be repeated here. The discussion will now be 
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steered toward the application of SFG in the orientation analysis of α-helical structures. 
The α-helical peptide’s orientation can be measured by analyzing SFG amide I spectra 
collected under polarization combinations of ssp (s-polarized SFG signal beam, s-
polarized visible input beam, and p-polarized IR input beam) and ppp. The SFG 
susceptibility tensor element χijk (i, j, k=x,y,z) is related to the SFG molecular 
hyperpolarizability tensor element βlmn (l, m, n = a, b, c) by a Euler angle 
projection:59,75,77,78 
χ¾¿À,Á = N ∑ 〈Yı̂ ∙ ÅÆ[(ȷ̂ ∙ mÈ )(kÊ ∙ nË)〉βÍÎÏ,ÁÍ,Î,Ï      (2.24) 
where Ns is the surface density of α-helical repeating units, the notation “< >” indicates 
the average value.  
For vibrational modes of different symmetries, these relations can be quite 
different, which were discussed in detail in the literature.75,78 According to the symmetry 
of the α-helix, the following relationships can be expressed:58-60  
For the A mode: 
cccsyyzAxxzA rrN βθθχχ ]cos)1(cos)1[(2
1 3
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where the notation “< >” indicates the average value. θ is the angle between the principal 
helical axis and the surface normal. When assuming that θ has a delta-distribution, 
<cosθ>= cosθ. The orientation distribution can be more complicated than a delta-
distribution, which will be discussed in more detail later. 
Experimentally, the SFG signals from the A and E1 modes cannot be resolved due 
to the resolution of our SFG system. The amide I signal can therefore be considered as 
arising from a contribution of both modes:  
χzzz = χE,zzz + χA,zzz                                                 (2.31) 
χyyz = χxxz = χE,yyz + χA,yyz                      (2.32) 
χyzy = χxzx = χzxx = χzyy = χE,yzy + χA,yzy           (2.33)   
From the above expressions, if βaac/βccc and βaca/βccc are known and the combined 
χzzz/χyyz or χzzz/χyzy are measured, the orientation angle θ should be able to be deduced. 
Since the SFG hyperpolarizability is a product of the Raman polarizability and IR 
transition dipole moment, equations (2.1), (2.8), (2.9) and (2.18) can be combined to 
give: 
 




ÕÖ×ÖÕ××× = 2 ∗ ØÖ×Ø××∗  ÙÖÙ× = 2 ∗ .ÚJ.G Ú.J. =  0.31                 (2.35) 
  Here, the complex conjugate of the Raman polarizability tensor is used since the 
Raman process involved in SFG is an anti-Stokes Raman process. 
Assuming the orientation angle θ to be a delta-distribution, meaning that all the α-
helices adopt an identical orientation, the relationships between each of the ratios χzzz/χyyz 
and χzzz/χyzy and θ can be described by the curves shown in Figures 2.3a and 2.3b. 
However, it can be the case that not all the helices adopt the exact same orientation, and 
that instead a distribution of orientations is present. In this scenario, the orientation can be 
assumed as a Gaussian (normal) distribution with a standard deviation σ: 
    Û() = *−(θ−I)22z2√2Þ∗z                      (2.36) 
〈cos ()〉 = 5	 ß *−(θ−I)
2
2z2√2Þ∗z  cos ()sin()tJ        (2.37) 
                                         〈cos()〉 = 5	 ß *−(θ−I)
22z2√2Þ∗z  cos()sin()tJ  (2.38) 
The above mean values 〈cos ()〉 and 〈cos()〉 can now be used in the equations 
(2.25) to (2.30) to describe the relationship between θ and the SFG susceptibility 
component χijk. The variation of the relationship between the ratios χzzz/χyyz and χzzz/χyzy 






Figure 2.3: Relationships between (a) χzzz/χyyz or (b) χzzz/χyzy ratio and θ for α-helix in 
terms of different Gaussian distribution width σ. Black: σ = 0, blue: σ = 5o, red: σ = 
10
 o
, green: σ = 20o, pink: σ = 30 o. When σ is zero, the distribution is a delta 
distribution. 
 
2.2.5. The effect of varying the number of peptide units in an α-helical 
structure on SFG data analysis 
The theoretical framework discussed so far has been for ideal α-helical structures, 
either a unit cell with eighteen peptide units (for five turns) or an infinitely long α-helix. 
One may pose the question of whether the above SFG data analysis method is still valid if 
the α-helical species under study does not possess a perfect α-helical structure that has a 
multiple of repeated helical units, e.g., 18, 36, or 54 amino acids. In nature, many α-
helical structures do not have a multiple of repeated helical units; this concern will be 
addressed in this section.  
If we assume that each peptide unit in an ideal α-helical unit (defined as 18 
residues) is a “normal” peptide unit, while any peptide units beyond a multiple number of 
repeated helical units are “extra” units, when the α-helix is very long, the number of 
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“extra” units is much less than that of “normal” units. In that case, it seems that these 
“extra” units would not make the SFG data analysis deviate too much from that for an 
ideal α-helix. If every 3.6 units (one turn) is considered as a repeating unit for an α-helix, 
then for any α-helix longer than 18 peptide units, the “extra” units are much less than the 
regular units. For example, for an α-helix with 23 peptide units, 21.6 are regular units, 
and only 1.4 are extra units. In this case, the deviation from the α-helical symmetry 
should be minimal, and the SFG data analysis for a perfect α-helix can be approximately 
applied. If the method discussed above to calculate the hyperpolarizability component 
ratios αbb/αcc and αcb/αcc was used for α-helices longer than 18 peptide units, their values 
should be reasonably similar. Hence, the SFG measured susceptibility and orientation 
angle relation should be also similar.  
The above reasoning may not apply, however, for relatively short α-helical 
structures (e.g., <10 residues). In this case, data analysis for any α-helical peptides that 
have their number of peptide units not close to 3.6 or 7.2 (e.g., containing 2, 5, or 6 
peptide units) may be influenced from the symmetry breaking. However, the occurrence 
of these short α-helical structures in nature is rare and does not necessitate a discussion 
here. The focus, instead, will be placed on α-helical structures that have more than ten 
but less than eighteen peptide units. For these α-helices, the magnitude of the effect of 
breaking the symmetry of a perfect α-helix on the hyperpolarizability ratios will be 
discussed. The hyperpolarizability ratios βaac/βccc and βaca/βccc of α-helical structures that 
have 10, 12, 13, 15, 16 and 17 peptide units are calculated. The dependence of the α-
helix orientation curve on the helix length is deduced below in order to understand how 
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the SFG data analysis method is affected by changing the peptide unit number in an α-
helix away from eighteen. For comparison, the calculations were also done for α-helical 
structures with the number of peptide units ranging from 28 to 35. The comparison 
between these two sets of orientation curves should provide an idea of how the length of 
the structures affects the deviation from the symmetry of an α-helix unit. This 
comparison can be found in Figures 2.4a, 2.4b, 2.5a and 2.5b. It is clear from the two sets 
of curves in both the χzzz/χyyz and χzzz/χyzy plots that as the number of amino acid residues 
of the structure becomes larger, the result is less dependent on the number of amino acid 
residues, leading to less deviations in the relationship between χzzz/χyyz and χzzz/χyzy and θ 
from the ideal case. Our findings show that for shorter α-helices, it is important to 
calculate the molecular hyperpolarizability ratios βaac/βccc and  βaca/βccc using the bond 
additivity model with the number of amino acid residues in the particular α-helix under 
study. Then the relationship between χzzz/χyyz or χzzz/ χyzy and θ can be deduced for SFG 
data analysis. By taking into account the effects of the peptide chain lengths to establish a 
specific orientation curve for each α-helical structure, it should provide a more accurate 
result than using the curve for an ideal helix. For longer α-helices, it is a valid 
approximation to use the SFG data analysis method developed for an α-helix unit. 
 
Figure 2.4: Relationship between 
chain lengths: (a, left) blue: 10, green: 12, red: 13, cyan: 15, purple: 16, 
black: 18 residues; (b, right
yellow: 35 residues. 
 
Figure 2.5: Relationship between 
chain lengths: (a, left) blue: 10, green: 12, red:
black: 18 residues; (b, right
yellow: 35 residues. 
 




χzzz/ χyyz  ratio and θ for α-helices with different 
) blue: 28, green: 30, red: 31, cyan: 33, purple: 33, 
χzzz/ χyzy  ratio and θ for α-helices with different 
 13, cyan: 15, purple: 16, yellow: 17, 







In section 2.4 the possibility that all α-helices in a sample may not adopt the exact 
same orientation was discussed, as well as the prospect of using a Gaussian distribution 
to describe the orientation distribution. To do this, the average orientation and orientation 
distribution width need to be simultaneously deduced. Also in the same section it was 
shown that SFG can measure two orientational parameters: <cosθ> and <cos3θ>. The two 
macroscopic hyperpolarizability ratios χzzz/ χyyz and χzzz/ χyzy have been extensively 
discussed in the orientation analysis above. These two measurements are not independent 
and thus can only be used to cross-check the accuracy of the data analysis method and the 
reliability of experimental measurements. To measure <cosθ> or <cos3θ> independently, 
the absolute intensity of SFG signal needs to be obtained, as discussed in detail in our 
previous publications.60,79 With two independent measurements, the Gaussian distribution 
can be deduced. However, the orientation distribution may sometimes be more 
complicated than a Gaussian distribution.  
  The same α-helices may adopt two different orientations with separate 
orientation angles θ1 and θ2. If N is the fraction of α-helical molecules tilting at θ1 to the 
surface normal, and (1-N) is the fraction of molecules tilting at θ2 to the surface normal:  
〈cos()〉 = 5〈cos()〉 +  (1 − 5)〈cos()〉                         (2.39) 
                        〈cos()〉 = 5〈cos()〉 + (1 − 5)〈cos()〉               (2.40) 
There are now three unknowns: θ1, θ2, and N. As discussed previously, SFG can 
only measure two parameters for the orientation angle (for α-helices). Solely using SFG 
to deduce all the three unknowns is therefore impossible. As demonstrated in earlier 
work, it is possible to combine SFG and ATR-FTIR measurements to deduce the three 
52 
 
unknowns.60 ATR-FTIR has been extensively used in the studies of proteins/peptides at 
interfaces.14,15,23,28,33 These studies involve the investigations of the adsorption amount, 
secondary structures, as well as the orientations of proteins and peptides at interfaces. 
Excellent reviews on this technique in such studies are available15,28; here, a brief review 
of some of the most relevant aspects of this technique, and its complementarity to SFG in 
the studies of helical structure orientation at interfaces, will be presented. 
In ATR-FTIR studies, the tilt angle of an α-helix can be calculated from the order 
parameter (Sθ), which is defined as:  
              à# = 〈"	#〉F                                                           (2.41) 
with θ being the tilt angle between the helix’s principal axis and the surface normal. The 
bracket denotes the time and ensemble average. Theoretically, <cos2θ> can be 
determined from the measured intensity ratio in ATR-FTIR using p- and s-polarized IR 
light.28 If θ is assumed to have the simplest delta-distribution, the orientation of the helix 
can be determined from this measured intensity ratio. The advantages and disadvantages 
of ATR-FTIR have been mentioned in our previous discussions28,56,74  and will not be 
reiterated in this chapter. Here, the use of <cos2θ> as a third measured parameter 
obtained by ATR-FTIR, in addition to the two measured SFG parameters, will be shown 
in solving the two-delta distributions discussed above. For ATR-FTIR:  
                〈cos()〉 = 5〈cos()〉 + (1 − 5)〈cos()〉   (2.42) 
By combining SFG and ATR-FTIR measurements, it is possible to measure θ1, θ2, 
and N simultaneously. The orientation of α-helices may be even more complicated, thus 
requiring additional measured parameters to deduce these complex orientations. In these 
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cases, other vibrational spectroscopic techniques, such as Raman and four-wave mixing 
(FWM), can be utilized.80 Also, a maximum entropy distribution function can be used as 
a trial function for orientation distribution.59,79 Mathematically, this function has the 
minimum bias with a certain number of measured parameters available. If the orientation 
distribution is still difficult to deduce after the combined vibrational spectroscopic 
studies, isotope labeled proteins can be used, similar to those in the NMR studies. 
2.2.7 Discussion on the measurement of χzzz with the near total reflection 
geometry. 
The SFG susceptibility components,  χzzz/χyyz and χzzz/χyzy, can be experimentally 
probed using SFG spectra collected with different polarization combinations of the input 




























∝    (2.43) 
∝sspI  ( yyzzzyyyy LLL χβωωω 221 sin)()()(− )
2
                                                                                                     (2.44) 
∝spsI  ( yzyyyzzyy LLL χβωωω 121 sin)()()(− )
2                                                                                                   (2.45) 
where )(ωiiL is a Fresnel coefficient and local field correction factor and β, β1 and β2 are 
angles of the signal, visible and IR beams with respect to the surface normal, 
respectively. For an α-helix on an isotropic surface, zxxxzx χχ = . Also, in this SFG 
experimental geometry,   
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21212121 coscossin)()()(cossincos)()()( βββωωωβββωωω xxxxzzxxzzxx LLLLLL ≈   
(2.46) 

















∝     (2.47) 
If the input or output beam angle is close to the critical angle of the total internal 
reflection, )(ωxxL is close to zero. Therefore, for the near total reflection geometry,
81 
2
2121 sinsinsin)()()( zzzzzzzzzppp LLLI χβββωωω∝                               (2.48)  
This analysis indicates that ppp signal is the result of destructive interference 
between the xxzχ  and zzzχ  components. When a near total reflection geometry is adopted 
in the SFG experiment, ppp signal probes χzzz.  
2.3. Orientation determination of a 3-10 helix 
Although not the most common helical structure in nature, the 3-10 helical 
structure was proposed almost ten years earlier than the abundant α-helical structure.82  
There have been studies on whether the 3-10 helical structure is actually more common 
as it may involve as an intermediate step in the protein folding process.83,84,84-89 A 3-10 
helix is characterized by the hydrogen bonds formed between the ith C=O group to the ( 
i+3)th H-N group. The hydrogen bonds in 3-10 helices are stronger than those in α-
helices, causing a shorter distance between the oxygen and the hydrogen atoms in the 
hydrogen bond.33,90  In this helix, the angular distance between two adjacent amino acid 
residues is 120o with an axial translation of 1.95 Å. The pitch is then 5.94 Å, and there 
are three residues per turn. For 3-10 helices, only A and E1 modes are both IR and Raman 
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active, which makes them observable by SFG.33,90 Below, a similar methodology as that 
applied for α-helical structures will be applied to the orientation analysis of stable 3-10 
helical structures at interfaces. The bond additivity model is applied to calculate the SFG 
molecular hyperpolarizability ratios βaac/βccc and βaca/βccc which will be used to construct 
the relationship between the macroscopic SFG susceptibility component ratios χzzz/χyyz or 
χzzz/χyzy and the tilt angle θ of the helix. 
2.3.1 IR transition dipole moment of a 3-10 helix amide I mode 
For A mode (the parallel mode): 
L \ ¡S (0) = g 002.121o                                                 (2.49) 
For E1 mode (the perpendicular mode): 
L \ ¡S (120) = g 1.0611.0610 o                                             (2.50) 
According to equations (2.49) and (2.50), the ratio M(y+x)/Mx is calculated to be 
0.71. In this calculation, the angle between the dipole moment and the helical axis is 
assumed to be 45o, which was back-calculated from Choi’s calculated values of the 
perpendicular and parallel modes of the transition dipole moment.69 A value of 45.6o 
would make our calculation match with Choi’s value perfectly. However, upon studies of 
poly(α-aminoisobutyric acid) using electron diffraction, Malcolm and Walkinshaw 
approximately set an upper limit of this angle to be about 45o.90 The value of 45o is 
therefore believed to be reasonable to use in the calculation.  
2.3.2 Raman polarizability tensor of a 3-10 helix amide I mode 
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To start the process of analyzing the total polarizability of a 3-10 helix, its crystal 
structure is first required. Malcolm and Walkinshaw have successfully proposed the 
crystal structure of poly(α-aminoisobutyric acid) using the average values from the 
crystal structure determinations of 17 independent residues.91 The coordinates of this 
crystal structure are shown in Table 2.1.  
  x (Å) y (Å) z (Å) 
C' 1.12 0.54 1.189 
O 1.64 0.51 2.304 
N -0.07 1.12 0.957 
H -0.45 1.21 0.018 
 
Table 2.1: Cartesian coordinates of the first peptide link in a 3-10 helix 
 
According to this crystal structure, the peptide unit is approximately planar with 
the C=O bond almost parallel to the y-axis. The Euler angles that transform Tsuboi’s 
Raman tensor to the first link of the 3-10 helix were calculated to be φ=0o, θ=301.7o and 
ψ= 270o using the x-convention rotation. The rotation matrix takes the following form: 
·J,J.¹,¹J = g0 −0.525 0.8511 0 00 0.851 0.525o        (2.51) 
Therefore, 
¥ =
g0 −0.525 0.8511 0 00 0.851 0.525o g
0.05 0 00 0.2 00 0 1.00o g
0 −0.525 0.8511 0 00 0.851 0.525o
e
=g0.800 0 0.3570 0.05 00.357 0 0.420o 
(2.52)                          
In the case of 3-10 helix, the uniaxial property is not strictly satisfied, different 
from that in the α-helix case. However, the C=O bonds only orient slightly (a few 
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degrees) away from the helical axis. Therefore, the uniaxial property can still be 
considered so that all the peptide units are assumed to be approximately identical and can 
be transformed geometrically into each other.  The Raman tensor of a 3-10 helix can then 
be calculated by successively performing the rotation of the Raman tensor of the peptide 
unit around the helical axis 120o from one unit to the next and summing over them. For 
an ideal 3-10 helix, the Raman tensor can be calculated as:    
¥F
= ¼ g cos (120i) sin (120i) 0−sin (120) cos (120i) 00 0 1o
e g0.800 0 0.3570 0.05 00.357 0 0.420o g




The calculated polarizability of the A and E1 amide I modes are: 
For the A mode: 
L _ ¡S (0) = g1.24 0 00 1.24 00 0 1.28o      (2.54)  
   
For the E1 mode: 
L _ ¡S (120) =  g 0.55 −0.55 0.55−0.55 −0.55 0.550.55 0.55 0 o               (2.55) 
2.3.3 SFG data analysis for 3-10 helices based on the calculated IR 
transition dipole moment and Raman polarizability 
The molecular hyperpolarizability ratios βaac/βccc and  βaca/βccc for an ideal 3-10 
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The relationship between each of the ratios χzzz/χyyz or χzzz/χyzy and the orientation 
angle θ for 3-10 helices can be deduced using the same methodology as what was 
adopted to treat the α- helical structures discussed in the previous sections. These 
relationships are plotted in Figures 2.6a and 2.6b. Figure 2.6b indicates that it is difficult 
to experimentally determine the orientation angle θ using the relationship between 
χzzz/χyzy and θ because very weak sps signal is expected.   
 
Figure 2.6: Relationship between (a, left) χzzz/ χyyz  or (b, right) χzzz/ χyzy  ratio and θ 
for a 3-10 helix with a delta-distribution 
 
Similar to α-helices, for 3-10 helices, the above relationships between the SFG 
susceptibility component ratio and helix orientation angle can also be determined when 
the orientation distribution is assumed to be a Gaussian distribution instead of a delta-
distribution. Also, the dependency of the relationship between χzzz/χyyz and θ on the 
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number of peptide units in the 3-10 helical structure can be investigated, as was done on 
α-helices above. This dependency (illustrated in Figures 2.7) suggests that the 
relationship between χzzz/χyyz and θ is varied when θ is larger than sixty degrees (meaning 
that the helix orients nearly parallel the surface). When θ is not large, such a variation is 
not substantial.  
 
Figure 2.7: Relationship between χzzz/ χyyz  ratio and θ for 3-10 helices with different 
chain lengths:  blue: 3, green: 4, red: 5, cyan: 7, purple: 8 residues 
 
2.4. Conclusion 
In this chapter, a methodology to measure the orientation of helical structures, 
including α-helices and 3-10 helices using polarized SFG measurements, was 
systematically presented. By adopting the bond additivity model, certain SFG 
hyperpolarizability component ratios of a helix were computed by calculating the IR 
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transition dipole moment and Raman polarizability tensor of the helix. The calculated 
values matched experimental IR and Raman measurements reported in the literature quite 
well. How the number of peptide units in a helix influences the SFG orientation 
determination was examined, and a methodology to determine the orientation of any 
helix that not ideal or perfect regarding the number of peptide units was developed. This 
method has been recently applied to determine membrane orientations of a variety of α-
helical peptides such as magainin 2, MSI-78 and pardaxin, the orientation of α-helical 
cecropin chemically immobilized on polymer surfaces, and the membrane orientation of 
the 3-10 helical alamethicin. These studies further validate the method presented in this 
chapter. This method is likely general and can probably be applied to investigate all other 
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MOLECULAR INTERACTION BETWEEN MAGAININ 2 
AND MODEL MEMBRANES IN SITU 
 
3.1. Introduction 
Isolated from the African clawed frog Xenopus laevis, Magainins have been 
shown to have antimicrobial activity.1-3 At low concentrations, magainin peptides are 
able to disrupt the bacterial cell membrane, leading to cell death. At these concentrations, 
however, magainin peptides have been shown to be harmless to mammalian cells.2  The 
Magainin family is considered to be the most well-studied group of peptides among all 
antimicrobial peptides. Magainins have been shown to have antimicrobial activity against 
a large number of bacterial strains, and it is believed that they have a great therapeutic 
potential in the treatment of bacterial, fungal, and protozoan infections in humans.2 
Among its family, Magainin 2 possesses a broad antimicrobial spectrum with high 
potency. Experimental tests have shown that Magainin 2 is about 5 to 10 times more 
potent than Magainin 1.2 Extensive studies have been carried out to understand the 
antimicrobial activity of Magainin 2 using different techniques ranging from 
experimental methods such as External Reflection-Fourier Transform Infrared 
spectroscopy (ER-FTIR), neutron reflectivity,4  oriented circular dichroism,5,6 X-ray 
diffraction,7 confocal laser scanning microscopy,8 differential scanning calorimetry, 
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solid-state NMR,9 atomic force microscopy10 and fluorescence spectroscopy11-13 to 
molecular dynamics simulations.14,15 
Many of the above efforts were trying to unveil the differences in the interaction 
schemes of Magainin 2 with bacterial cells as opposed to mammalian cells. Even though 
a consensus has not been reached, it is generally believed that Magainin 2 disrupts 
bacterial cells by forming toroidal pores (wormholes) in the membrane; whereas it binds 
horizontally to the mammalian cell membranes and hence exhibits no disruptive 
activity.16-18 
The lipid compositions of cell membranes play a significant role in the ability of 
many antimicrobial peptides to distinguish between bacterial cell membranes and 
mammalian cell membranes. Bacterial cell membranes consist of a substantial amount of 
lipids with negatively charged head groups (e.g., phosphatidylglycerol – PG) in addition 
to neutral lipids (e.g., phosphatidylethanolamine – PE). Mammalian cell membranes, on 
the other hand, mainly have zwitterionic lipids (e.g., phosphatidylcholine – PC) and other 
components (e.g., cholesterol).  Most antimicrobial peptides contain amino acids that are 
positively charged, and this electrostatic attraction between the negatively charged lipids 
and the positive charges on the antimicrobial peptides is believed to be the driving force 
for their binding to bacterial cell membranes, but not mammalian ones. 
Sum Frequency Generation (SFG) vibrational spectroscopy is a non-linear optical 
spectroscopic technique that is becoming more prevalent in the studies of a variety of 
interfaces due to its intrinsic surface/interface sensitivity. The advantages and strengths of 
using SFG in interfacial studies have been previously discussed extensively,19-27 which 
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will not be repeated in detail here. In this chapter, we will report the results obtained from 
SFG studies on Magainin 2 in mammalian and bacterial model membranes. Attenuated 
Total Reflectance – Fourier Transform Infrared spectroscopy (ATR-FTIR) was also used 
in this study as a supplemental technique to SFG. The combination of SFG and ATR-
FTIR in the study of peptide-membrane interactions was shown to be valuable in our 
previous publication on the interactions between melittin and lipid bilayers.28 In this 
chapter, SFG and ATR-FTIR data indicated similar Magainin 2 orientations in the 
respective lipid bilayers. This is the first report on the quantitatively measured average 
orientation angles of Magainin 2 molecules in a model bacterial cell membrane (a single 
POPG/POPG bilayer) in situ using SFG. The modes of action of Magainin 2 on both 
mammalian and bacterial cell membranes can be proposed through Magainin 2 
orientations and SFG observations of lipid bilayers. 
3.2. Materials and methods 
Magainin 2 (GIGKWLHSAKKFGKAFVGEIMNS) was purchased from Bachem 
(Torrance, CA). Hydrogenated 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-[Phospho-rac-(1-
glycerol)] (POPG) and 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine (POPC) were 
ordered from Avanti Polar Lipids (Alabaster, AL).  
For SFG experiments, right-angle CaF2 prisms purchased from Altos (Trabuco 
Canyon, CA) were soaked in toluene overnight and then sonicated in Contrex AP 
solution from Decon Labs (King of Prussia, PA) before the first use. Before each lipid 
deposition, the CaF2 prisms were stored in Contrex AP solution overnight and then rinsed 
with water before immersing in methanol for an hour. The prisms were rinsed thoroughly 
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with a large amount of deionized water and then cleaned in a glow discharge plasma 
chamber for 4 minutes immediately before the bilayer preparation. Substrates were tested 
by collecting SFG signals from their surfaces, and no contamination was detected.  
We used the Langmuir-Blodgett and Langmuir-Schaefer (LB/LS) method to 
deposit the proximal and the distal leaflets, respectively.29, 30 A KSV2000 LB system and 
ultrapure water from a Millipore system (Millipore, Bedford, MA) were used throughout 
the experiments during the bilayer preparation, which is briefly described below. A prism 
was attached to a sample holder via one right-angle face. The other right-angle face was 
perpendicularly immersed in the water inside the Langmuir trough. An appropriate 
amount of lipid chloroform solution was then gently spread onto the water surface, and 
the chloroform was allowed to evaporate. The lipid monolayer area was compressed by 
two barriers at a rate of 5 mm/min until a surface pressure of 34 mN/m was reached. The 
prism was lifted out of the subphase at a rate of 1 mm/min. A monolayer of lipid on the 
prism was thus prepared. A 2 mL reservoir was placed in a large trough slightly deeper 
than it so that water could cover it. The right-angle surface of the prism with the 
monolayer was horizontally lowered to contact the monolayer deposited on the water 
surface (with a surface pressure of 34 mN/m) of the trough to form a lipid bilayer. After 
the formation of the bilayer, the extra lipids at the air-water interface were removed using 
a micropipette. Water in the large trough was drained while keeping the bilayer immersed 
in water inside the small reservoir so that a much smaller amount of peptide/protein 
would be sufficient for the experiment. The bilayer was immersed in water throughout 
the entire experiment, and a small amount of water was added to the reservoir, when 
needed, to compensate for water evaporation during lengthy experiments. 
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For the Magainin 2-bilayer interaction experiments, a specific volume of the 
Magainin 2 aqueous stock solution was injected into the small reservoir of 2 mL to 
achieve the desired concentration. A magnetic microstirrer was used to ensure a 
homogeneous concentration distribution of peptide molecules in the subphase below the 
bilayer. All experiments were carried out at room temperature (~24oC), at which both 
POPG and POPC bilayers are in the fluid phase. 
Details of the SFG setup in our laboratory have been described in previous 
publications and will not be repeated here.31, 32 Input laser beams were incident onto the 
prism through one of the right-angle faces and then reflected by the other right-angle face 
coated with the bilayer (Figure 3.1). The prism was arranged such that total reflection of 
the 532-nm green beam was achieved. Under these conditions, the infrared (IR) beam 
was not totally reflected. For orientation analysis, SFG spectra were collected using ssp 
(s-polarized output SFG signal, s-polarized input visible beam and p-polarized input IR 
beam) and ppp polarization combinations. Details about the analysis of SFG spectra will 
be presented later in section 3.3. 
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ATR-FTIR experiments were carried out with a Nicolet Magna 550 FTIR 
spectrometer using a detachable ZnSe total internal reflection crystal (Specac Ltd. RI, 
United Kingdom). The LB/LS method was used to deposit the lipid bilayers onto the 
ZnSe crystal surface that had been pre-cleaned with methanol, Contrex AP solution, 
deionized water and eventually treated in a glow discharge plasma chamber for 2 minutes 
immediately before the bilayer preparation. After the lipid bilayer was deposited onto the 
crystal, the water that kept the bilayer hydrated was flushed multiple times with D2O to 
avoid signal confusion between the O-H bending mode and the peptide amide I mode, 
and to ensure a better S/N ratio in the peptide amide I band region. Next, 3.2 µL of a 400 
µM Magainin 2 stock solution was injected into the subphase of 1.6 mL to achieve the 
desired concentration. S and P polarized ATR-FTIR spectra of Magainin 2 in the lipid 
bilayer were taken for orientation analysis after the system reached equilibrium (about 
one hour). 
3.3. SFG Data analysis  
 Magainin 2 is known to possess no well-defined secondary structure in aqueous 
solutions.33-36 However, CD, FTIR and solid-state NMR studies suggest that it folds into 
an α-helical structure in the presence of phospholipid bilayers.33-39 It is believed that 
magainin 2 forms dimer or trimers when the peptide-to-lipid ratio is above 0.02,12 which 
is much higher than the ratio we deal with in our SFG experiments. Therefore, we can 
assume that the peptide orientation we determine here is the average tilt angle of single 
magainin molecules. The average orientation of Magainin 2 molecules was calculated 
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based on the orientation of the amide C=O bonds, which are held up in the direction of 
the helical axis by the hydrogen bonds within the peptide molecules. This average 
orientation was deduced by analyzing the polarized SFG amide I signal (between 1600 to 
1700 cm-1). SFG amide I spectra are deconvoluted such that the alpha-helical spectral 
component (centered at ~1655 cm-1) can be extracted from the band. In addition, SFG 
spectra collected from the lipid bilayer in the C-H stretching frequency regime (2800 cm-
1 to 3000 cm-1) (with or without the peptides) were investigated according to the thin film 
model as discussed in one of our previous publications.40 
  The peptide’s orientation information can be obtained by SFG using polarization 
combinations of ssp and ppp collected in the amide I regime. The SFG susceptibility 
tensor element χijk (i, j, k = x, y, z) is related to the SFG molecular hyperpolarizability 
tensor element βlmn (l, m, n = a, b, c) by Euler angle projections.
41 The relationship 
between the SFG susceptibility tensor elements for α-helices, the orientation angle (θ) 
and the hyperpolarizability components can be expressed as:   
For the A mode: 
cccsyyzAxxzA rrN βθθχχ ]cos)1(cos)1[(2
1 3
,,, ><−−><+==
cccszyyAzxxAyzyAxzxA rN βθθχχχχ )]coscos)(1[(2
1 3
,,,, ><−><−====    (3.1) 
cccszzzA rrN βθθχ ]cos)1(cos[
3
, ><−+><=  
Where á = >CC" >"""â   
For the E1 mode: 
acasyyzExxzE N βθθχχ )coscos(
3
,, ><−><−==  
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where Ns is the surface density of the α-helical repeat units. The SFG hyperpolarizability 
tensor elements can be deduced from Raman and IR properties of the α-helical 
molecules, which makes it possible to deduce the relations among these elements, as we 
showed in the previous chapter. From these deductions, we obtained r= 0.61 and βaca= 
0.33βccc with the adoption of the bond additivity model on an α-helical symmetry that 
consists of 23 amino acid residues.42  
We have developed a methodology to determine the orientation of α-helical 
structures using SFG amide I spectra collected with different polarization 
combinations.28,41,42 This method is based on the SFG data analysis for an α-helix with 
one unit length (eighteen amino acids) or infinitely long. We also complete the 
methodology by considering α-helices with number of amino acid residues different than 
multiples of one unit (i.e., with the number of amino acids not being a multiple of 18). 
We presented a systematic discussion on the determination of α-helix (as well as 3-10 
helix) orientation using SFG in the previous chapter. The current SFG study on magainin 
orientation can be considered as a successful application of the method. 
3.4. Results and Discussions 
3.4.1 SFG and ATR-FTIR Amide I Spectra. 
3.4.1.1 Magainin 2 in a POPG/POPG lipid bilayer. 
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It has been shown that the minimum inhibitory concentration (MIC) of Magainin 
2 against E. coli is around 20 µM.43 The positively charged Magainin 2 molecules tend to 
target anionic lipids in the cell membrane via electrostatic attraction. E. coli cell 
membranes only contain about 32% anionic lipids,44 thus a purely negatively charged 
lipid bilayer should require a lower peptide concentration for disruption than MIC. In this 
set of experiments, we employed anionic POPG lipids to represent the bacterial cell 
membrane, and therefore a lower concentration of 800 nM of Magainin 2 was believed to 
be sufficient to ensure effective interactions between Magainin 2 and the POPG bilayer. 
Even at this 25-fold lower concentration than the MIC against E. coli, Magainin 2 
exhibited excellent SFG signal strength (Figure 3.2), enabling for a reliable orientation 
analysis of Magainin 2 molecules in the bilayer using SFG.  
 
 Figure 3.2: SFG ppp and ssp spectra collected from a POPG bilayer in contact with 
































        
ppp 480 13.5 1.55 
ssp 287 12.5   
 
Table 3.1: Fitting parameters of the SFG amide I signal collected from a POPG 
bilayer in contact with a 800 nM Magainin 2 solution 
Before we discuss the interactions between the POPG bilayer with magainin 2 of 
a peptide solution of 800 nM, we first present the results on a lower magainin 2 
concentration of 200 nM. The CaF2 supported POPG/POPG bilayer was in contact with 2 
mL deionized water, then 1 µL of the peptide stock solution was introduced.  No 
discernable SFG signal in the amide I region could be detected after 1 hour (data not 
shown), but some changes in the lipid signal were observed (see later discussions for 
more details). This can be explained by the fact that the α-helical Magainin 2 peptides 
could be lying down on the bilayer surface, generating a much weaker SFG amide I 
signal than that generated from vertically oriented peptides in the bilayers, but still 
causing changes in the bilayer organization (see Section 3.4.2). Magainin 2 has an 
amphiphilic α-helical structure, which allows the peptide molecules to lie on the 
membrane surface at low peptide concentration.45,11 
A higher peptide concentration experiment was then carried out in which 4 µL 
Magainin 2 stock solution was added to the water subphase to reach a concentration of 
800 nM. Magainin 2 was allowed to interact with the POPG/POPG bilayer and SFG 
spectra were collected. Figure 3.2 displays SFG spectra in the amide I range of Magainin 
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2 in the POPG bilayer after the signal had stabilized (one hour). Both ssp and ppp spectra 
exhibit a dominant peak centered at 1657 cm-1. According to the previous vibrational 
spectroscopic studies on protein/peptide amide I signals and our previous research on 
melittin, the amide I mode (dominated by the C=O stretching mode) of the α-helical 
peptide units is centered at around 1655 cm-1.28,29,46-48 The amide I peak center affirms 
that Magainin 2 adopted a well-defined α-helical structure in the POPG bilayer. The 
correlation between the ratio χppp/ χssp and the peptide orientation angle θ for Magainin 2 
is plotted in Figure 3.3. According to the measured SFG signal, the χppp/χssp ratio for 
Magainin 2 in the POPG/POPG bilayer is about 1.55. It can be deduced from Figure 3.3 
that Magainin 2 adopts a transmembrane orientation in POPG bilayers (Table 3.1). 
Quantitatively, the tilt angle (θ) between the helical principal axis of the Magainin 2 
molecule and the POPG bilayer surface normal was found to be around 22 degrees if a δ 




Figure 3.3: Relationship between the χppp/ χssp ratio and the helix orientation angle of 
Magainin 2 
ATR-FTIR was used as a supplemental technique to our SFG measurements. As 
mentioned above, the amide I signal of an α-helical peptide is centered at about 1655 cm-
1. Due to the strong H2O bending mode in this frequency range, which may complicate 
our amide I ATR-FTIR signal analysis, we used a Magainin 2 D2O solution in the ATR-
FTIR study. The amide I signal undergoes a slight red-shift for α-helical peptides when 
D2O is used to make the solution. In our ATR-FTIR experiment with Magainin 2 and a 
POPG lipid bilayer in a D2O solution, we observed a peak maximum at 1652 cm
-1, 
indicating a Magainin 2 α-helical conformation in the POPG bilayer (Figure 3.4).46 The 
peak center position is in good agreement with a recent study of Magainin 2 interacting 
with DPPG monolayers using ER-FTIR.4 
 
Figure 3.4: p and s polarized ATR-FTIR spectra collected from a POPG bilayer in 






























 While fitting the ATR-FTIR amide I signal of Magainin 2, we also included a 
minor peak at around 1644 cm-1 to account for the C=O bonds that adopted a random coil 
structure for the “in-solvent” Magainin 2 molecules that did not fold into helical 
structures. 
Using the polarized ATR-FTIR measurement, the dichroic ratio of the 1652 cm-1 
peak of Magainin 2 (800 nM) in a POPG lipid bilayer was determined to be 2.79, which 
gives the order parameter Sθ a value of 0.662. The average angle θ between the helical 
axis of the Magainin 2 molecule and the bilayer surface normal was calculated to be 
approximately 20 degrees if a delta orientation distribution is assumed. This is in 
excellent agreement with the SFG data. As we discussed in our previous publications and 
in chapter 2, SFG measures <cosθ> and <cos3θ>, while ATR-FTIR measures <cos2θ>.28 
Since SFG and ATR-FTIR measure different orientation parameters, the excellent 
agreement between the two methods indicates that Magainin 2 adopts a well-defined 
orientation (δ-distribution or an orientation distribution with a narrow width) in the 
POPG bilayer. If the orientation distribution is not narrow, the results should be 
substantially different when deduced from different measured parameters, like <cosθ> , 
<cos2θ>, and <cos3θ>. Here both SFG and ATR-FTIR studies show that magainin 2 
adopts transmembrane orientation when its concentration is 800 nM, different from what 
was observed when the concentration is 200 nM.  
Our spectroscopic measurements match the published results from Molecular 
Dynamics simulations performed on a constructed Magainin 2 toroidal-pore model.14 In 
this simulation, a Magainin pore that consisted of five Magainin 2 molecules, 138 1-
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palmitoyl-2-oleoylphosphatidylethanolamine POPE and 46 POPG molecules was left 
equilibrating for 250 ps. During this period of time the reorientation of Magainin 2 
molecules was observed. Magainin 2 molecules lining the pores were found to tilt at 
about 21 degrees from the membrane normal. 
 3.4.1.2 Magainin 2 in a POPC/POPC lipid bilayer 
A POPC bilayer was used as a representation of the mammalian cell membrane. 
Different from POPG, POPC is a zwitterionic lipid. For this set of experiments, a higher 
Magainin 2 concentration of 2.0 µM was used. At this peptide concentration, discernable 
SFG amide I signal was detected, allowing for a reliable analysis of the peptide 
orientation (Figure 3.5). A supplemental ATR-FTIR experiment at the same 
concentration of Magainin 2 (2.0 µM) was also carried out, but no amide I signal was 
detected (data not shown). This is due to the fact that the Magainin 2 coverage on the 






























Figure 3.5: SFG  ppp and ssp spectra collected from a POPC bilayer in contact with 
a 2.0 µM Magainin 2 solution in the C=O stretching frequency region. 
 
1657 cm-1 Amplitude Damping coefficient χppp/χssp 
ppp 350 20 2.3 
ssp 152.5 20   
 
Table 3.2: Fitting parameters of the SFG amide I signal collected from a POPC 
bilayer in contact with a 2.0 µM Magainin 2 solution  
From the SFG ssp and ppp polarized spectra (Figure 3.5), the average tilt angle 
(θ) of Magainin 2 in the POPC/POPC bilayer was determined to be ~75 degrees if a delta 
orientation distribution is assumed (Table 3.2), which is very different from that in the 
POPG/POPG bilayer. This result strongly agrees with previous findings in the literature 
stating that Magainin 2 lies down on the surface of l-Palmitoyl-2-stearoyl-(n-doxyl)-α-
phosphatidylcholine [n-doxyl-PCs (n = 5, 10, and 12)] lipid vesicles at an angle of 
approximately 79 degrees ± 5 degrees relative to the surface normal.33, 37, 49 
3.4.2 SFG spectra of POPG and POPC lipid bilayers. 
The behavior of the lipids was monitored in our SFG experiments by the 
observation of SFG spectra in the C-H stretching frequency regime (2800 – 3000 cm-1). 
Magainin 2 should not contribute substantial SFG signal in the C-H stretching spectral 
region.4 As displayed in Figures 3.6, SFG spectral features in the C-H stretching region 
are significantly different between POPG/POPG and POPC/POPC lipid bilayers before 
the Magainin 2 interaction. The weaker SFG signal of the neutral POPC/POPC bilayer 
shown in Figure 3.6 (spectrum a) compared to that of the charged POPG/POPG bilayer  
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(spectrum b) indicates that lipid bilayers with zwitterionic headgroups are more ordered 
and therefore more symmetrical. The better order of the POPC bilayer compared to 
POPG bilayer in water might be due to the different interactions between the water 
molecules and the headgroups of lipid molecules. For lipids that are in fluid phase at 
room temperature, it is difficult to quantitatively investigate the average orientation of the 
lipid chain due to the rapid flip-flop and lateral displacement of the lipid molecules. 
Therefore the discussion below is qualitative. 
 
Figure 3.6: SFG spectra collected from a. POPC/POPC bilayer (left) and b. 
POPG/POPG bilayer (right) before in contact with magainine 2 in the C-H 
stretching frequency region.  
Similar spectral features can be seen in Figure 3.7 for both the POPG/POPG 
bilayer (with 200 nM Maiganin 2, spectrum 7b) and the POPC/POPC bilayer (with 2.0 
µM Magainin 2, spectrum 7a). This striking similarity might indicate that similar 
interactions are taking place in both cases. In Section 4.1.2, we indicated that magainin 2 
molecules orient relatively parallel to the POPC bilayer surface. It is therefore likely that 
magainin 2 molecules adopt a similar orientation on the POPG bilayer at low 























































band analysis (i.e. low signal would indicate a parallel orientation). Because there is a 
change in the lipid C-H stretching signal, magainin 2 molecules must adsorb to the 
bilayer, but only with a low surface coverage.   
 
 
Figure 3.7: SFG spectra collected from a. POPC/POPC bilayer in contact with 2.0 
uM magainin 2 solution (top left); b. POPG/POPG bilayer in contact with 200 nM 
magainin 2 solution (top right); c. POPG/POPG bilayer in contact with 800 nM 
magainin 2 solution in the C-H stretching frequency region (bottom). 
In Figure 3.7, when comparing the two spectra of POPG/POPG with 800 nM 
Magainin 2 (spectrum c) and POPC/POPC with 2.0 µM Magainin 2 (spectrum a), it can 
be seen that they have similar spectral features as well, except for the peak at 2880 cm-1 














































































dramatic drop in the overall spectral intensity was observed after the addition of peptide 
(compare spectrum 7c to 6b). A possible interpretation for this would be the formation of 
a toroidal pore, which would cause the lipid side chains to tilt and form a connection 
between the two leaflets. Because of the rapid flip-flop that would be induced from this 
process, this pore lining phenomenon would significantly enhance the symmetry of the 
bilayer and reduce overall POPG/POPG bilayer SFG signal. In addition to this, the CH2 
symmetric stretch peak at 2850 cm-1 could arise from the lipid side chains that are tilted 
along the pores.  
3.5. Conclusion 
We have successfully applied SFG and ATR-FTIR to measure the average tilt 
angle of Magainin 2 molecules in negatively charged (POPG) and zwitterionic (POPC) 
lipid bilayers in the fluid phase. It was found that SFG has a much better detection limit, 
which can be used to study interfacial molecules when the surface coverage is much 
lower. SFG orientation analysis on α-helical structures is based on a methodology 
developed in our lab, which was summarized in detail in chapter 2.42 For the cases where 
both SFG and ATR-FTIR signals can be detected, SFG and ATR-FTIR can measure 
different orientation parameters. Our SFG results can be well correlated to ATR-FTIR 
conclusion, demonstrating the reliability of the measurements. This also further validates 
our SFG orientation analysis methodology presented in chapter 2. All the experiments 
were performed in situ under biologically relevant conditions. The modes of action of 
Magainin 2 on these two different model membranes for bacterial cells and mammalian 
cells were discussed according to the deduced average orientation of the peptide 
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molecules and the investigation of the lipid bilayer SFG signals. The transmembrane 
orientation of Magainin 2 molecules and the possible rapid flip-flop induced led us to 
believe that the peptide forms toroidal pores in POPG/POPG lipid bilayers at a peptide 
concentration of 800 nM. On the other hand, the “more tilt or lie down” orientation of the 
peptide’s molecules and the disturbance of lipid chains are evident for the carpet-like 
mechanism when Magainin 2 interacts with POPC/POPC bilayer. This research, along 
with our previous SFG studies on lipid bilayers,28,50-54  
demonstrates that SFG is a powerful technique to elucidate molecular interactions 
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  Membrane proteins constitute approximately one third of all the proteins in 
nature and are involved in a variety of essential biological processes, ranging from 
cellular communications to the metabolism of exogenous and endogenous compounds.  
Due to the hydrophobicity of most integral membrane proteins, a complex network of 
proteins that assist the folding/unfolding (chaperones) is required to carefully refold and 
shuttle these proteins to their proper locations in the cell membrane after translation.1-6  
For most membrane proteins residing in the endoplasmic reticulum (ER), their insertion 
into the ER membrane typically begins with the association of signal recognition particle 
(SRP) to the hydrophobic sequence of the nascent polypeptide chain.7  Afterward, the 
ribosome-nascent-chain-SRP complex binds with the SRP receptor on the ER membrane 
and is subsequently delivered to the Sec61 protein-conducting channel.  However, not all 
the proteins need the convenience of this co-translational pathway for ER membrane 
insertion, particularly for those belong to the class of membrane anchored proteins.  
There are indeed two distinct pathways which deliver the membrane anchored proteins to 
the ER. Even though the mechanisms of the two pathways are distinctive, these pathways 
themselves do not need to be mutually exclusive: certain membrane anchored proteins 
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can follow both mechanisms to ultimately find their ways to the ER.8 The membrane 
anchoring tail of membrane anchored proteins mostly lies in the C-terminal and remains 
inaccessible to SRP or to the ER membrane until the complete polypeptide chain is 
released from the ribosome. Thus, these proteins must rely on other post-translational 
mechanism for ER membrane insertion.  While some membrane anchored proteins 
require the assistance of other cytoplasmic proteins for bilayer insertion, others are 
known to be readily to associate and insert into the plasma membrane.9-12  
 The spontaneous insertion of certain membrane anchored proteins into lipid 
bilayers is of particular interest in both structural biology and membrane biophysics.  In 
order for membrane anchored proteins to insert into the bilayer, an enormous energy 
barrier must be overcome such that these proteins must have evolved a particular 
structural feature that is capable of such an endeavor.  While many structural features of 
membrane anchored proteins are well characterized and studied, their interactions with 
cell membranes and the mechanisms with which they insert into the membranes continue 
to remain as an enigma.11  In this chapter, we examine the interaction and topology of 
membrane anchored proteins in model membranes (lipid bilayers) using SFG vibrational 
spectroscopy.  The membrane anchored protein used in this study is cytochrome b5 (Cyt 
b5).  Cyt b5 belongs to a family of heme proteins whose intimate interactions with P450 
catalyze a variety of oxidation reactions. Cyt b5 inserts spontaneously into the ER 
membrane in vivo and shown to be inactive when its α-helical anchoring tail is removed. 
Interestingly, the membrane integration of Cyt b5 is believed to be able to take place with 
pure phospholipids without the presence of any other protein. The binding of this protein 
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is shown to be correctly localized at the ER when expressed in cell, which is a strong 
evidence for an existing protein-free machinery that governs the targeting of Cyt b5.
13-16 
Cyt b5 is a heme protein which widely presents in animals, plants, fungi and 
bacteria. Cyt b5 exists in both soluble and membrane bound forms.17 One of the most 
important functions of Cyt b5 is to interact with Cytochrome P450, catalyzing a variety of 
oxidation reactions. There has been extensive research studying the interactions between 
these two cytochrome proteins. In this dissertation research, we only focus on the binding 
behavior of Cyt b5 to lipid bilayers. Cyt b5 contains two distinct domains separated by a 
trypsin-sensitive region.18 The larger, and catalytic domain that holds the heme group, is 
comprised of approximately 90 amino acid residues. This domain is usually called the 
water-soluble domain, whose function is to transfer electron to a variety of donors and 
acceptors within the ER. The three-dimensional crystal structure of this heme binding 
domain has been characterized by X-ray crystallographic and NMR studies.19, 20 The other 
domain (the so called “membrane anchoring domain” or “tail”) of Cyt b5 is a smaller 
hydrophobic domain of around 40 residues that anchors the globular domain to the ER 
membrane. This domain contains an α-helical membrane anchoring tail21 and a linker 
connecting this part and the water soluble domain. The linker region is a 15 residues long 
region whose specific sequence was found to be unimportant for its functions. However, 
this linker has to be of a sufficient length (7-8 residues) to guarantee the effective 
interaction between the protein and the Cytochrome P450.22   In the following 
discussions, we will also call the α-helical membrane insertion part as “membrane 
anchoring tail” as well. It has been found that the post-translational membrane 
association of Cyt b5 is ATP independent because no ATP was required for this particular 
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process. This ATP independent membrane association of Cyt b5 suggests that either the 
membrane insertion of Cyt b5 does not need to be assisted by cytosolic factors or that its 
insertion mechanism is different from those that are synaptobrevin-mediated.23, 24    
 The interaction of Cyt b5 with lipid membranes has been an area of constant 
debate over the years.  From fluorescence quenching experiments and trypsin digestion 
assays, it was proposed that the membrane anchoring tail could adopt two different 
conformations: a hairpin helix that only spans half of the bilayer25, 26 or a single α-helix 
that spans the whole bilayer.26-28 The hairpin helix conformation is believed to be loosely 
associated with the bilayer and was observed to undergo exchange between liposomes in 
solution.  Interestingly, when Cyt b5 is reconstituted in lipid vesicles through detergent 
dialysis, no exchange of Cyt b5 between liposomes was observed, which indicates the 
helix may have spanned the whole bilayer and the protein is tightly anchored to the 
membrane. This brings into focus the importance of the membrane anchor conformation 
when it interacts with the bilayer and its role in facilitating membrane insertion.  
Importantly, the hairpin helix conformation seems energetically unfavorable; however, 
this conformation can be a transient or intermediate state that when sufficient energy is 
provided, it is able to convert into its membrane spanning form.29-31   In order to better 
understand this phenomenon, the in vitro binding of Cyt b5 to lipid bilayers will be 
rigorously investigated by SFG.  
 As already shown in the previous chapters, SFG is an extremely sensitive optical 
technique and is capable of providing detailed information on the interactions at the 
membrane interface.  More importantly, unlike other bulk solution techniques, SFG only 
detects signals from molecules that bind to the membrane surface, allowing for the 
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monitoring of both structural and chemical changes that occur during the course of 
binding in real time. Thus, with SFG, it is possible to probe, in real time, the interactions 
between Cyt b5 and lipid bilayers with unprecedented sensitivity and time resolution.   
4.2 Materials and experimental procedures  
5ã  labeled full length and mutant versions rabbit Cyt b5 used in this study was 
expressed in E.coli C41 cells using the pLW01 plasmid32 with the purity of >90%.33   
Deuterated dimyristoylphosphatidylcholine (dDMPC), dilauroylphosphatidylcholine 
(DLPC) and dipalmitoylphosphatidylcholine (DPPC) were purchased from Avanti Polar 
Lipids (Alabaster, AL) and used without any further purification. HEPES buffer (10 mM, 
pH= 7.3) was used in making the protein solutions and stabilizing the pH of the reaction 
media. The CaF2 prisms (purchased from Altos, Trabuco Canyon, CA) were cleaned in 
toluene, soap, methanol and then rinsed thoroughly with DI water before being treated in 
a glow discharge plasma chamber for 4 minutes immediately before the deposition of 
lipid monolayers. We used the Langmuir-Blodgett and Langmuir-Schaefer (LB/LS) 
method to deposit the proximal and the distal leaflets onto the prisms, respectively.34, 35 
The lipid bilayer deposition process is the same as that used in chapter 3, which has been 
described in many of our earlier publications and will not be reiterated here.36-38  
The details of our SFG experiments are the same as those in chapter 3 and will not 
be repeated here. An experimental geometry similar to the total reflection geometry used 
in ref. 39 was used but with different input and output beam angles. The angles of the 
visible and signal inside the substrate (68°) were close to the critical angle (69°) for total 
internal reflection at the interface of CaF2 (with a layer of lipid bilayer) and water (or 
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dilute protein/peptide solution), which allowed for the collection of SFG vibrational 
spectra by the near total reflection geometry. 
The temperature controlled experiment was done using a hot plate and a thermal 
couple sensing the temperature of the reaction medium. A micro stir bar was used to 
gently stir the solution at 60 rpm to regulate the heat within the medium.  
4.3 Orientation of full length Cyt b5 in a dDMPC/dDMPC lipid bilayer 
 As mentioned above, a full length Cyt b5 molecule consists of a membrane 
anchoring tail, a soluble domain hosting the heme group,40 and a linker which links the 
above two domains. The linker is unstructured, hence is able to provide a significant 
amount of rotational freedom as well as random movement to the soluble domain. The 
membrane anchoring tail is simply a 20-22 residue α- helix, whose membrane orientation 
can be determined using SFG.37, 41, 42 However, in the case of Cyt b5, there are also other 
helical structures reside in the protein’s water soluble domain that might contribute 
observable SFG signal.  Fortunately, by using symmetry arguments, we showed that no 
substantial SFG signal is generated from the α-helical structures in the soluble domain 
due to the SFG signal cancellation arisen from the symmetric arrangement of these 
helical structures (the four major helices holding the heme group are positioned in 
opposite directions). This was verified by using NLOPredict, a visualization program that 
was developed by a collaboration between the laboratory of Garth Simpson Group at 
Purdue University and the Scientific Data Analysis Lab, a Pervasive Technology Lab of 
Indiana University, to assist the interpretation of second order nonlinear optical 
processes.43, 44 The symmetric vibrational mode of the α-helix, the most effective 
vibrational mode that shows the symmetry property of an α-helical containing structure, 
 
was calculated for both the water soluble and membrane anchoring tail of 
NLOPredict. The deduced SFG susceptibility of the water soluble domain (when 
positioned in highly probable manners) is at least o
compared to the smallest SFG susceptibility of the membrane anchor tail (Figures 
4.2). Therefore, we believe that when determining the orientation of the membrane 
anchor α-helix of Cyt b5 
α-helical structures in the soluble domain will only lead to, at most, several degrees 
(should be less than five degrees) of error in the membrane anchoring tail’s tilt angle. 
this property (the cancellation of
soluble domain) of this particular protein
of the α-helical anchor group
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ne order of magnitude smaller 
using SFG, the neglect of the SFG signal contribution from the 
 the α-helical structures’ SFG susceptibilities in the 
 that makes the “direct” SFG orientation analysis 
 feasibly reliable. 





Figure 4.1: Macroscopic 
NLOpredict.  
Left: when the anchoring tail is likely to adopt the transmembrane orientation in 
the lipid bilayer. 
Right: when the anchoring tail is likely to adopt the horizontal orientation on top of 
the lipid bilayer. 
 
Figure 4.2: Macroscopic 
length as the Cyt b5’s anchoring tail. Calculated by NLOpredict. 
Left: when the anchoring tail adopts the transmembrane orientation in the lipid 
bilayer. 
Right: when the anchoring tail adopts the horizontal orientation on top of the lipid 
bilayer. 
 
Since the Cyt b
observable SFG amide I signal from 




 quantities of Cyt b5 water soluble domain calculated by 
χ
(2)
 quantities of the magainin 2, which has the similar 
 
5 soluble domain does not contribute substantially to the 
α-helical structures, the orientation analysis of the 
 a single
 
 α-helix in the 
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lipid bilayer. The methodology to determine a single α-helical structure orientation using 
the SFG amide I signals with different polarization combinations has been described in 
great detail in chapter 2 and will be used in this study.  
SFG spectra were collected from full length Cyt b5 in a dDMPC/dDMPC bilayer 
using ssp and ppp polarizations of the input and output laser beams (Figure 4.3). The 
SFG spectra were dominated by a peak centered at approximately 1655 cm-1, contributed 
by the α-helical anchoring tail. The orientation of the α-helical anchoring tail can be 
calculated using the fitted ppp and ssp signal strength ratio of the 1655 cm-1 peak and the 
relationship between this ratio and the orientation of a 22 amino acid long α-helix (Figure 
4.4). It was found by SFG experiments that the membrane anchoring tail of the full length 
Cyt b5 inserted into the dDMPC/dDMPC bilayer at a tilt angle of 14 degrees in relative to 
the bilayer surface normal. This tilt angle agrees excellently well with the NMR results 
(15o ± 3o) obtained by Dürr and colleagues using solid state NMR.45 
 
 


















Figure 4.4: The relationship between 
angle. 
 
4.4 Orientation of Mutant
bilayer 
 In addition to the 
Cyt b5 (MCyt b5) in which the linker connecting the water soluble
membrane anchoring tail 
linker region to how Cyt 
out to collect SFG spectra from
Surprisingly, the SFG amide I signal from the 
dDMPC/dDMPC bilayer was much weaker than that we obtained from the 
MCyt b5 presented above (Figures 
 The lower SFG amide I signal of 
orientation of the MCyt b
the full length Cyt b5 because when an 
normal, we expect stronger SFG signal generated (Figure 
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χppp/χssp ratio of the α-helix and the helical tilt 
-Cyt b5 (Mcyt b5) in the dDMPC/dDMPC lipid 
full length Cyt b5 studied above, we also investigated a mutant 
 
was deleted. This study investigates the exact influences 
b5 interacts with the cell membrane. Experiments were carried 
 the MCyt b5 protein in a dDMPC/dDMPC bilayer.
MCyt b5 while interacting with a 
4.3 and 4.6). 
MCyt b5 suggests an overall more horizontal 
5’s membrane anchoring tail at the interface in comparison to 
α-helical structure aligns more towards the surface 
4.5). We performed a quick 
 






orientation analysis from the difference in SFG amide I intensities (in ppp polarization 
combination) at 1655 cm-1 collected from the full length Cyt b5 and the MCyt b5. This 
quick analysis does not use the SFG ssp polarized signal; therefore, it is independent to 
the approach that uses both ppp and ssp signals. Because the experimental conditions 
were identical in the full length Cyt b5 and Mcyt b5 experiments, the intensity difference 
observed must have caused by the difference in orientation of the two protein molecules 
at the membranes, not by the difference in the protein coverage. 
 The SFG signal collected with the ppp polarization combinations from the full 
length Cyt b5 was about 4 times higher than the ppp signal detected from the MCyt b5 
(Figures 4.3 and 4.6). The fitting results indicate that the SFG susceptibility component 
χzzz generated by the full length Cyt b5 associated with a dDMPC/dDMPC bilayer is 2.24 
times higher than that of the dDMPC/dDMPC bound MCyt b5. Assuming the protein 
coverage in both experiments on Cyt b5 and MCyt b5 to be similar (which is reasonable 
due to the absence of the electrostatic driving force), with the previously determined tilt 
angle of the full length Cyt b5’ anchoring-tail in the dDMPC/dDMPC lipid bilayer, we are 
able to deduce the tilt angle of the MCyt b5’ anchoring-tail in the bilayer (Figure 4.5). 
This method results in a tilt angle of about 70 degrees of the MCyt b5’s anchoring-tail 
versus the surface normal in the dDMPC/dDMPC bilayer.  
 
 
Figure 4.5: The relationship between 
 
To further confirm the orientation of the 
MCyt b5’ anchoring-tail in the dDMPC/dDMPC lipid bilayer, a more vigorous ap
as presented in chapter 2
ratio (this is also the same method to deduce the 
Using this approach, it was found that 
correlates well to the 70 degrees deduced above using an independent approach based on 
the absolute intensity. The good agreement in the two independent approaches confirms 
the negligibility of the SFG amide I signal contribution from the 
reside in water soluble domain. 
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χzzz of the α-helix and the helical tilt angle.
α-helical membrane anchoring tail of the 
 was employed, which uses the SFG amide I ppp and ssp signal 
full length Cyt b5 orientation above). 










Figure 4.6: ssp and ppp polarized SFG amide I band of Mcyt b5 in dDMPC/dDMPC 
lipid bilayer. 
 
4.5 Time dependent studies on the interactions of the full length Cyt b5 
and the MCyt b5 with the dDMPC/dDMPC lipid bilayer 
 Time dependent studies on the interactions of the full length Cyt b5 and the MCyt 
b5 with the dDMPC/dDMPC bilayer also exhibit distinct differences. Although the 
kinetics of the protein adsorption or binding is difficult to interpret accurately by SFG 
signal intensity alone due to the dependency of the SFG signal on both the protein 
coverage and orientation, we can still observe a more dynamic behavior of the full length 
Cyt b5 while interacting with lipid bilayers. For the MCyt b5 adsorption onto the 
dDMPC/dDMPC lipid bilayer, the SFG signal reached a plateau within one hour, 
indicating that it took about one hour for MCyt b5 to reach an equilibrium state while 
interacting with the bilayer. In the case of the full length Cyt b5, it took the protein about 

















experiments were carried out with the same protein concentration) (Figure 4.7). This 
suggests that the full length Cyt b5 undergoes either a more complex interaction 
mechanism or one that just takes a longer time than that of the Mcyt b5. 
 
Figure 4.7: ppp polarized time dependent plots of the peak at 1655 cm
-1
 (α-helical 
peak center, blue) and 1725 cm
-1
 (carbonyl C=O stretch of the lipids, red) of Cyt b5 
(left) and MCyt b5 (right) in dDMPC/dDMPC lipid bilayers. 
 
4.6 Observing the dDMPC/dDMPC lipid bilayer signal changes caused 
by the full length Cyt b5 and the MCyt b5 
 We studied the behavior of the dDMPC/dDMPC lipid bilayer after its interaction 
with Cyt b5 by observing the SFG signal in the C-D stretch frequency regime (2000 cm
-1 
to 2300 cm-1). The lipid terminal CD3 group has a symmetric stretching vibrational mode 
at around 2070 cm-1, a Fermi resonance peak at around 2145 cm-1, and an asymmetric 
stretching peak at around 2160 cm-1.46 According to the C3v point group, a relationship of 
the SFG susceptibility ratio of the asymmetric/symmetric mode and the interfacial tilt 
angle of the CD3 group was then established (Figure 4.8). From this figure, one can see 
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the CD3 group increases. When the CD3 terminal group aligns with the surface normal, 
the asymmetric peak should be relatively small in the ssp SFG spectrum. SFG spectra in 
ssp polarization combination were collected from the dDMPC/dDMPC lipid bilayer in 
the C-D stretching frequency region after the bilayer interact with the full length Cyt b5 
and MCyt b5 (Figure 4.9). This figure indicates that the SFG spectra from the 
dDMPC/dDMPC bilayer after interacting with Cyt b5 and MCyt b5 are substantially 
different, showing different interaction mechanisms must have happened in the two 
cases. 
 




Figure 4.9: ssp SFG spectra of the dDMPC/dDMPC lipid bilayers (in CD regime) 
upon their interaction with Cyt b5 (375 nM) and MCyt b5 (375 and 750 nM).  
By comparing the intensity ratio between the asymmetric C-D stretching peak at 
2160 cm-1 and the symmetric C-D stretching signal at 2070 cm-1 of the CD3 groups, we 
observed that the CD3 terminal groups of the dDMPC/dDMPC bilayer after interacting 
with the full length Cyt b5 have an average smaller tilt angle than after interacting with 
MCyt b5 (Figure 4.9). This must be due to the fact that MCyt b5’ anchoring tails tilt more 
towards the bilayer surface when interacting with the bilayer, causing the membrane 
thinning effect, thus change the lipid chain orientation significantly. In the case of the full 
length Cyt b5, the protein’s anchoring tails adopt a trans-membrane orientation, causing 
less change of the lipid chain orientation. Besides, the Cyt b5 anchoring tail’s 
transmembrane orientation allows the Cyt b5’s water soluble domain to keep a crucial 
distance of 15 to 20 Å from the membrane interfacial region for the Cyt b5-Cyt P450 
complex formation.47  Being detached from the lipid bilayer interface, the full length Cyt 


















was observed in our experiments. We believe that the results obtained from the SFG 
studies on the lipid bilayer in the C-D stretching frequency region support our SFG 
orientation analysis of the protein presented above based on the SFG spectra collected in 
the amide I frequency region.  
4.7 Effects of the linker length on the MCyt b5 – lipid bilayer interactions  
 Our above research demonstrated the crucial role which the linker plays in the 
interaction between Cyt b5 and the lipid bilayer. It was found that for the interaction 
between Cyt b5 and Cyt P450 to occur, the Cyt b5 linker length needs to be at least 7-8 
amino acid residues long. It was also observed that a longer linker would not 
substantially affect the interaction between the two cytochomes.48 Therefore, we chose to 
study Cyt b5 with linker of eight amino acids or shorter. In this chapter, we define the full 
length Cyt b5 to be the protein with an eight residues long linker.  We believe that the 
linker facilitates the insertion of the Cyt b5’s anchor tail into the lipid bilayer. With the 
help of a flexible linker, Cyt b5 can be inserted into the dDMPC/dDMPC bilayer 
effectively. When the linker was deleted from the protein, the membrane anchoring tail of 
MCyt b5 more or less laid down on the lipid bilayer surface, undergoing no insertion into 
the bilayer. In order to systematically quantify the linker’s effect, we studied different 
versions of mutant Cyt b5 with various linker lengths by deleting different numbers of 
amino acid residues in the linker. In addition to the full length Cyt b5 and MCyt b5 studied 
above which have 8 and 0 amino acid residues in the linker, mutant Cyt b5 molecules 
with linkers of 2 and 6 residues long were also studied. Identical SFG experiments were 
performed to determine the orientations of these two mutant Cyt b5’s membrane 
anchoring tails in the dDMPC/dDMPC bilayer. The orientations of Cyt b5’s membrane 
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anchoring tails with different linker lengths in the dDMPC/dDMPC bilayer are 
summarized in Table 4.1. It was shown clearly in this table that the linker length affects 
the orientation of the Cyt b5’s membrane anchoring tails in the bilayers and thus the 
orientation of Cyt b5 molecules. When the linker is short, e.g., with 0 or 2 residues, 
mutant Cyt b5’s anchoring tails more or less lie down on the bilayer surface (with tilt 
angle to be around 70 degrees versus the bilayer normal). When the linker’s length 
reaches 6 residues, the mutant Cyt b5‘s membrane anchoring tail tilts in the bilayer at an 
angle of 50 degrees. For the full length Cyt b5 with 8 amino acids, Cyt b5 more or less 
spans the entire lipid bilayer, with a tilt angle of about 14 degrees.   
linker's length ppp/ssp ratio tilt angle 
0 2.24 73o 
2 2.21 70o 
6 1.92 50o 
8 1.50 14o 
 
Table 4.1: The helical tilt angles of the anchoring tails corresponding to their linker 
lengths.  
 
 This study demonstrates that it is not only the presence of the linker is important 
for the membrane insertion of the anchoring tail of Cyt b5 molecules, but also its length 
plays decisive role in the membrane anchoring. Previous studies in the literature on the 
interactions between Cyt b5 and Cyt P450 suggested that the Cyt b5 linker length needs to 
be at least 7-8 amino acid residues long for the protein to function.48 We observed this 




4.8 Temperature dependent study on the insertion of MCyt b5’s 
anchoring tail into the dDMPC/dDMPC lipid bilayer 
 Our study presented above demonstrated the difference in the bilayer binding of 
the full length Cyt b5 and the MCyt b5: The full length Cyt b5’s membrane anchoring tail 
inserts readily into a dDMPC/dDMPC lipid bilayer at room temperature; whilst the MCyt 
b5’s anchoring tail lies more or less horizontally on the lipid bilayer surface. An 
experiment that is aimed for MCyt b5 to overcome the energy barrier of the insertion of 
the membrane anchoring tail into the hydrophobic region of the lipid bilayer was, 
therefore, designed and carried out. In this experiment, the temperature of the reaction 
medium (or the subphase in contact with the bilayer) was increased in a step-wise manner 
while the orientation of the membrane anchoring tail of MCyt b5 in the lipid bilayer was 
monitored at different temperatures using SFG.  We believe that the thermal energy 
provided in the experiment would increase the fluidity of the lipid bilayer as well as the 
mobility of the MCyt b5 molecules; hence, MCyt b5 molecules are able to overcome the 
energy barrier of the membrane insertion.  
While elevating the temperature from 25 oC to 40 oC, we observed a dramatic 
increase of the SFG amide I signal collected in the ppp polarization combination (Figure 
4.10). This observed SFG signal intensity increase was not caused by more proteins 
adsorbed onto the bilayer at a higher temperature, because the MCyt b5 solution in contact 
with the bilayer was replaced by HEPES (pH=7.3) at room temperature after the 
interaction initially reached equilibrium. Therefore, the protein coverage at higher 
temperatures could not be larger than that at room temperature. From the orientation 
analysis of the helical structure using SFG amide I band, the SFG signal intensity 
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increases when the tilt angle θ decreases (Figure 4.5). In other words, when the α-helical 
membrane anchoring tail inserts into the lipid bilayer (changes from a more horizontal 
orientation to a more vertical orientation), we should expect stronger SFG signal 
generated from this α- helical structure. We believe this to be strong evidence that the 
adsorbed MCyt b5 molecules went through a reorientation process in the bilayer at higher 
temperatures.  
When the temperature is even higher, besides the protein’s reorientation process, 
an induced change in the membrane protein coverage may have also occurred. This can 
explain the SFG signal intensity drop when the temperature is changed from 40 oC to 45 
oC. As mentioned above, the proteins in the subphase were removed. When the 
temperature is high enough (e.g., >40 oC), membrane anchored MCyt b5 molecules might 
become more mobile and thus may be able to leave the more fluidic lipid bilayer to the 
subphase. This would lead to a loss in SFG signal intensity (Figure 4.10).   
 
Figure 4.10: SFG amide I band in ppp polarization combination of Mcyt b5 in 





















 To quantify the orientation of the α-helical membrane anchoring tail of MCyt b5 in 
the lipid bilayer at different temperatures, SFG spectra were collected from MCyt b5 in 
the amide I frequency region using both ssp and ppp polarization combinations. Using the 
signal strength ratio of the ppp and ssp spectra, as discussed in detail in chapter 2, the tilt 
angle θ of the membrane anchoring tail was determined at five different temperatures: 25 
oC, 30 oC, 35 oC, 40 oC and 45 oC, as shown in Figure 4.11 and Table 4.2. It was found 
that the membrane anchoring tail of MCyt b5 indeed can insert into the hydrophobic 
region of the lipid bilayer when the temperature is higher than 30 oC, even though at the 
room temperature it more or less lies down on the bilayer surface (Figure 4.11). 
 
Figure 4.11: The helical tilt angle of the anchoring tail at each temperature. 
cytb5 Mctyb5 
ppp/ssp ratio tilt angle ppp/ssp ratio tilt angle 
dDMPC/dDMPC 25C 1.50 14 2.24 73 
dDMPC/dDMPC 30C N/A N/A 2.27 76 



















dDMPC/dDMPC 40C N/A N/A 1.53 18 
dDMPC/dDMPC 45C N/A N/A 1.50 14 
  
DLPC/DLPC 30C 1.60 26 2.26 75 
DLPC/DLPC 45C N/A N/A 1.60 26 
  
DPPC/DPPC 30C N/A N/A N/A N/A 
DPPC/DPPC 45C 1.48 10 N/A N/A 
 
Table 4.2: Temperature controlled SFG studies on the interaction of Cyt b5 and 
Mcyt b5 with lipid bilayers.  
 
 4.9 Studies on the interactions between Cyt b5/MCyt b5 and lipid bilayers 
composed of different lipids of various chain lengths. 
The results presented in the previous section showed that raising the temperature 
facilitates the insertion of MCyt b5 into the lipid bilayer. As we discussed, one of the 
possible reasons responsible for this observation is that the lipids are more fluidic at a 
higher temperature. To investigate the effect of the lipid fluidity on the interactions 
between the lipid bilayer and Cyt b5 or MCyt b5, in addition to the dDMPC bilayer, we 
included lipids with different lengths in the study, including dilauroylphosphatidylcholine 
(DLPC) and dipalmitoylphosphatidylcholine (DPPC) lipid bilayers. DLPC, DMPC and 
DPPC have different acyl chain lengths of 12, 14 and 16 carbons. Their fluid to gel phase 
transition temperatures are 5oC, 23oC and 41oC, respectively. Since these three types of 
lipid bilayers have different thicknesses, this study should also shed light on the effect of 
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lipid bilayer thicknesses (or hydrophobic thicknesses) on the orientation of Cyt b5/MCyt 
b5’s membrane anchoring tails.  
The orientation of MCyt b5 in the DLPC/DLPC lipid bilayer was investigated by 
collecting SFG spectra with ppp and ssp polarization combinations. It was found that at 
30oC, MCyt b5’s anchoring tails orient similarly in both DLPC/DLPC and DMPC/DMPC 
lipid bilayer. The tilt angle was determined to be around 75 degrees relative to the lipid 
bilayer normal. When the temperature of the interaction medium was raised to 45oC, we 
observed the insertion of the MCyt b5 membrane anchoring tail into the hydrophobic 
region of the lipid bilayer with a tilt angle of around 25 degrees. The interaction between 
MCyt b5 and the DLPC/DLPC lipid bilayer is similar to that between MCyt b5 and the 
DMPC/DMPC lipid bilayer, except that the tilt angles of the MCyt b5 anchor in the two 
bilayers at 45oC are slightly different, which will be discussed further below.  
Full length Cyt b5 interacts with DLPC/DLPC and DMPC/DMPC lipid bilayers in 
the similar manner. The Cyt b5 α-helical membrane anchoring tail can readily insert into 
the hydrophobic region of the DLPC/DLPC lipid bilayer at room temperature, as 
observed when Cyt b5 interacts with the dDMPC/dDMPC lipid bilayer discussed above. 
The tilt angle of the Cyt b5 membrane anchor was deduced to be around 25 degrees 
versus the bilayer normal using the ppp and ssp SFG signal strength ratio. 
SFG spectra were also collected from Cyt b5 and MCyt b5 in the DPPC/DPPC 
bilayer using different polarization combinations. When the DPPC/DPPC bilayer is used, 
only very weak amide I SFG signal can be obtained from both Cyt b5 and MCyt b5 upon 
their interactions with the lipid bilayer. For MCyt b5, almost no discernible SFG amide I 
signal was observed in the DPPC/DPPC bilayer regardless of the temperature (between 
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room temperature and 45oC). This is either because the MCyt b5 membrane anchoring tail 
lies more or less flat on the surface due the stiffness of DPPC/DPPC bilayer which 
prohibits the insertion of the membrane anchoring tail, or because the MCyt b5 coverage 
on the lipid bilayer is just too low.  
Our research above indicates that it is easier for the full length Cyt b5 to insert into 
a lipid bilayer compared to MCyt b5. Even so, the full length Cyt b5 could not interact 
strongly with the DPPC/DPPC lipid bilayer, yielding an extremely weak SFG signal at 
most temperatures. At 45oC (right above the transition temperature of DPPC), however, 
relatively stronger SFG signal was collected from the Cyt b5 in the DPPC/DPPC bilayer. 
However, the intensity was still not comparable to what we obtained from the 
experiments on Cyt b5 in the dDMPC/dDMPC and DLPC/DLPC lipid bilayers. At this 
temperature, it was deduced that the anchoring tail of Cyt b5 can insert into the 
hydrophobic region of the DPPC/DPPC lipid bilayer with a tilt angle of around 10 
degrees, which is similar to the tilt angle of this helical structure in a dDMPC/dDMPC 
lipid bilayer at room temperature (Table 4.2). Since the orientations of the Cyt b5’s 
anchoring tails are similar, the lower SFG signal obtained here must be due to the lower 
protein membrane coverage.  
Different tilt angles of the membrane anchoring tails of Cyt b55 or MCyt b5 were 
experimentally observed in different bilayers of lipids with varying lengths. It was found 
that the anchoring tail spans the entire hydrophobic region of the ER,30 therefore this 
hydrophobic thickness of the ER bilayer can have an effect on the tilt angle of this 
transmembrane helical anchoring tail. When the lipids have different lengths, the 
hydrophobic thicknesses of the lipid bilayers should vary. The experiments on different 
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lipid bilayers should reveal the correlation between the membrane anchoring tail tilt angle 
and the hydrophobic thicknesses of the lipid bilayers. The hydrophobic thickness is 
directly proportional to the low dielectric region, which accommodates the protein’s 
membrane anchoring tail. For the three lipid bilayers studied here, the low dielectric 
region of the DLPC/DLPC lipid bilayer is the thinnest, and that of the DPPC/DPPC lipid 
bilayer is the thickest. 
The length of the α-helical Cyt b5 membrane anchoring tail can be calculated 
using the structural properties of an α-helix. The α-helical anchor is composed of 22 
peptide units. According to the α-helical structure, each of the peptide unit is 1.5 Å long 
along the principal axis of the α-helix, yielding the total length of the anchor tail to be 
about 33 Å.  Assuming that the membrane anchoring tail inserts completely into the 
DLPC/DLPC lipid bilayer with a low dielectric region of 30 Å,49, 50 by a simple geometry 
calculation, the tilt angle of the membrane anchoring tail is deduced to be between 25 and 
30 degrees, depending on whether we take into account the last amino acid residue that 
does not belong to the helix. This straight forward calculation surprisingly produces a 
result that matches the tilt angle solved by SFG. When Cyt b5 and MCyt b5 insert into the 
DLPC/DLPC bilayer at 30 oC and 45 oC respectively, the orientations in both cases were 
determined to be 26 degrees.  
According to the orientation of Cyt b5 and MCyt b5 inserted into the 
DMPC/DMPC bilayer, given the membrane anchoring tail’s tilt angle, this simple 
calculation can be used to deduce the thickness of the low dielectric region of the 
DMPC/DMPC bilayer. It was calculated to be between 32 and 33.5 Å, in excellent 
agreement with the simulated result obtained by Gambu and coworkers.51 However, the 
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calculation breaks down when applied to the DPPC/DPPC lipid bilayer because the 
thickness of the low dielectric region of the dDMPC/dDMPC lipid bilayer already 
approaches the length of the Cyt b5’s helical membrane anchoring tail. Without any 
constrains arisen from the thickness of the membrane, the helical anchor structure now 
can insert into the DPPC/DPPC lipid bilayer with a more or less vertical orientation, as 
observed when Cyt b5 inserted into the DPPC/DPPC bilayer at 45
oC.  
4.10 Conclusion 
SFG has been successfully applied to study the interactions between the α-helical 
membrane anchoring tail of Cyt b5 and various lipid bilayers. The orientations of the 
anchoring tails of full length Cyt b5 and various versions of mutant Cyt b5 interacting with 
lipid bilayers were quantitatively determined. It was found that the linker connecting the 
soluble domain and the membrane anchoring tail in Cyt b5 plays an important role in the 
insertion of the Cyt b5 membrane anchoring tail into the lipid bilayer. The full length Cyt 
b5 was found to be able to anchor to the DLPC/DLPC and DMPC/DMPC bilayers. 
Without the linker, the membrane anchoring tail of MCyt b5 is unable to insert into the 
lipid bilayer hydrophobic region. Even with the presence of a shorter linker, the protein’s 
anchoring tail cannot adopt a transmembrane orientation while associating with the lipid 
bilayers. The SFG results also indicated that thermal energy assists the insertion of the 
protein’s anchoring tail into the lipid bilayers. We believe that this SFG study on 
interactions between Cyt b5 and lipid bilayers is important not only in understanding the 
binding mechanism of Cyt b5 to cell membranes, but also in understanding the pathway 
that membrane anchored proteins follow in finding their ways to the ER. This study 
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opens up a possibility of applying SFG to a more thorough investigation of the 
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ORIENTATION DETERMINATION OF INTERFACIAL β-




Biological surfaces and interfaces provide unique environments for a wide variety 
of protein activities. For example, after a biomedical material is implanted, the first body 
reaction is protein adsorption. The structure and activity of the surface adsorbed proteins 
determine later body reactions, mediating whether the biomaterial is accepted or rejected 
by the body. Additionally, surface immobilized proteins serve as sensing units for 
biosensors; their interfacial structures play crucial roles in biosensing performance. Cell 
membranes are interfacial environments that host many critical cellular processes such as 
trans-membrane transport and cellular communication. Membranes can also be 
susceptible to antimicrobial activity.  These processes are governed by membrane-
associated proteins and peptides. Given the strong relationship between structure and 
function found in biologically active molecules, the orientation that a membrane-
associated protein or peptide assumes at an interface is naturally important.  In order to 
study the interfacial orientation of complex proteins, it is necessary to examine 
orientations of common secondary structures that are components of peptides and 
proteins on surfaces and at interfaces. The most commonly seen secondary structures are 
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α-helices and β-sheets. We have developed systematic means to determine interfacial 
orientation of α-helices in the previous chapters.1-3 In this research, we will investigate 
orientation of β-sheet structure on surfaces/at interfaces.  
The β-sheet structure was first proposed by Astbury in 1931; that model was not 
accurate until the refinements made by Pauling and Corey in 1951.4 It is a widely 
distributed secondary structure found in a diverse range of proteins.  Many membrane-
associated proteins and peptides have β-sheet or β-barrel components. Porins, for 
instance, are an extremely important family of membrane spanning β-barrel proteins that 
facilitate the transport of ions across cell membranes.  Determining the orientation of this 
structure, and more importantly the way the structure adapts to changing environments, is 
crucial in having a detailed understanding of the protein’s functional mechanisms.5 
Transformational changes of protein components to β-sheets have also been observed and 
are believed to be crucial malfunctions that lead to diseases such as mad cow disease and 
Creutzfeldt-Jakob disease.  The formation of β-sheets producing fibrous structures occurs 
at interfaces, which can disrupt cellular processes.6  These amyloid β-peptide (Aβ-) 
fibrous plaques can accumulate on the brain, leading to Alzheimer’s disease. 7 The 
occurrence of β-sheet structures in membrane-associated proteins as well as in Aβ- 
plaques raises much interest about β-sheet orientation. Therefore, the ability to determine 
the structural information of the β-sheets, including orientation of β-sheets at interfaces 
and on surfaces, could aid in the understanding of protein behaviors. 
A wide range of spectroscopic techniques have been applied to the study of 
interfacial proteins and peptides. For instance, Attenuated Total Reflectance Fourier 
Transform Infrared spectroscopy (ATR-FTIR) and Raman spectroscopic techniques have 
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been extensively used to study surface peptides, providing orientation information of 
peptides while they are adsorbed on surfaces.8-31  Nuclear Magnetic Resonance (NMR) 
techniques have also been successfully applied to determine detailed structural 
information regarding membrane-associated peptides, including interaction mechanisms 
of adsorbed peptides.32-40   
As discussed in the previous chapters, SFG has recently been developed into a 
powerful technique to investigate surfaces and interfaces.2,41-65 SFG measures the second 
order nonlinear response of a system, χ(2), which is intrinsically surface sensitive, 
allowing peptides and proteins to be selectively studied while they are in interfacial 
environments such as in lipid bilayers or on polymer surfaces.  In addition, SFG has been 
demonstrated to be an extremely sensitive technique, allowing interfacial proteins and 
peptides to be studied in situ and at biological concentrations.50, 51, 66-84  Protein (or 
peptide) - membrane interactions can also be studied in real time, revealing adsorption 
kinetics as well as orientation and structural changes as the proteins interact with surfaces 
or cell membranes. Therefore, in comparison with ATR-FTIR, Raman spectroscopy and 
NMR, SFG has many significant advantages such as superb detection limit, near 
background free detection and real time in situ study capability.  SFG has been 
successfully applied to the orientation determination of interfacial α-helices.1-3, 85 Here we 
will focus on the β-sheet, specifically the anti-parallel β-sheet structure. 
In this work, we successfully applied the bond additivity model to calculate the IR 
transition dipole moment, the Raman polarizability and eventually the SFG 
hyperpolarizability of the anti-parallel β-sheet. The hyperpolarizability tensor 
components are related to the SFG chiral and achiral signal strength, which allows for the 
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orientation analysis of this particular structure at interfaces. The orientation of 
tachyplesin I, an anti-parallel β-sheet structure, was analyzed at both polymer and lipid 
bilayer interfaces. The possibility of determining the orientation of β-sheet structure is of 
great importance in the structural analysis of large proteins which consist of both α-
helical and β-sheet structures. The orientation information of these proteins now can be 
investigated by two independent yet complementary SFG approaches (by studies of α-
helical and β-sheet components), which will enhance the viability of the technique. 
5.2 Experimental 
Materials  
C-terminal amidated tachyplesin I (NH2-K-W-C-F-R-V-C-Y-R-G-I-C-Y-R-R-C-R-
CONH2) was purchased from GenScript USA Inc. (Piscataway, NJ) with >95% purity. 
Tachyplesin I is an antimicrobial peptide that is extracted from the horseshoe crab 
hemocytes. Tachyplesin I adopts anti-parallel β-sheet structure, which is stabilized by the 
two disulfide bonds. It is also because of these two disulfide bonds that the peptide’s 
secondary structure is much more stable than these β-sheet structures that are held up just 
by hydrogen bonds. Polystyrene (PS) used in this research was PS standard, purchased 
from Scientific Polymer Products Inc, with a molecular weight of 393,400.   The 
sulfonated PS (s-PS) was prepared from such PS standard.  The sulfonation reaction has 
been described previously.86  PS and PS with 15% sulfonation were used for the SFG 
experiments.  Both the lipids, hydrogenated and deuterated 1,2-dipalmitoyl (D26)-sn-
glycero-3-phosphoglycerol (DPPG and dDPPG), used in this report were purchased from 




 Lipid bilayer deposition  
 Single lipid bilayers, which can have two different leaflets, were prepared on 
CaF2 right angle prisms (Altos Photonics, Bozeman, MT). Langmuir-Blodgett and 
Langmuir-Schaefer (LB/LS) methods were used to deposit the proximal and then the 
distal leaflets, respectively. A KSV2000 LB system and ultrapure water from a Millipore 
system (Millipore, Bedford, MA) were used throughout the experiments for bilayer 
preparation. The bilayer was immersed in water inside a 2-mL reservoir during the 
experiment and a small amount of water could be added to the reservoir to compensate 
for evaporation when needed for long timescale experiments. For tachyplesin I-bilayer 
interaction experiments, 10 µL of 0.25 mg/ml tachyplesin I solution was injected into the 
reservoir. A magnetic micro-stirrer was used at a rate of 100 rpm to ensure a 
homogeneous concentration distribution of peptide molecules in the subphase below the 
bilayer.  
SFG experiments 
The details of our SFG setup and experimental design have been previously 
thoroughly described.2, 87, 88 Polymer films were prepared by spin coating 1 wt% polymer 
solutions onto CaF2 prisms at a speed of 2400 rpm.  Spectra were collected in ssp (s-SFG, 
s-visible, p-IR), ppp and spp polarizations using our previously reported near total 
reflection geometry.81 
ATR-FTIR experiments 
The ATR-FTIR spectra were collected on a Nicolet 550 spectrometer (Thermo 
Fisher Scientific. Inc., MA, USA).  A thin polymer film was solution cast onto a 
germanium substrate from a 0.1 wt % polymer solution.  50 µL of 0.05 mg/ml 
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tachyplesin I solution in D2O (Sigma Aldrich, St. Louis, MO) was injected into the ATR 
trough, and S and P polarized spectra were collected approximately one hour after the 
injection of peptide.  The chamber was purged with nitrogen before and during the data 
collection, and the spectra were collected using 256 scans/spectrum. 
5.3. Orientation determination of β-sheet 
 The SFG hyperpolarizability tensor, β, can be described as a tensor product of the 
IR transition dipole moment and the Raman polarizability tensor3, 89, 90,   
  >AK,ä ∝  _æM∗ ç \Q ç      (5.1) 
where l, m, and n are the molecular coordinates, 
_æM ç  and \Q ç are the Raman 
polarizability and IR dipole moment derivatives with respect to the normal mode 
coordinate of the qth vibrational mode, respectively. Throughout this chapter these 
derivatives will be referred to as the components of the Raman polarizability tensor and 
IR transition dipole moment.  As equation (5.1) indicates, if both the IR transition dipole 
moment and the Raman polarizability tensor are known, the SFG hyperpolarizability 
tensor for the vibrational mode of interest can be deduced.  It is widely accepted that the 
anti-parallel β-sheet adopts D2 symmetry.91-93 Applying this symmetry point group, the 
Raman polarizability tensor and the IR transition dipole of the four peptide units that 
comprise the β-sheet repeating unit can be projected onto the molecular coordinate 
system using the bond additivity model. The calculation of the hyperpolarizability tensor 
will be presented in detail in sections 5.3.4.  
5.3.1 Anti-parallel β-sheet structure and D2 point group symmetry 
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and B3) and four Raman active 
modes are: 93-97 
 è(0,0   èJ  éJ
 è0, Þ  èJ  éJ
 èÞ, 0   èJ ? é
 èÞ, Þ  èJ ? éJ
where èJ is the unperturbed peptide unit frequency and D
intrachain and interchain couplings
of the transition dipoles 
vibrational modes is presented in Figure 
 
124 
D2 point group symmetry, there are three IR 
amide I vibrational modes (A, B1, B2 and B
 éJ  é  1668 VF   ? éJ ? é  1685 VF   
J  éJ ? é  1636 VF  ? éJ  é  1723 VF 
10 and D01
, respectively.  The term D11 represents the coupling 
between adjacent strands. A graphical illustration of these four 
5.1. 
 
active (B1, B2 
3). The four 
 
(5.2)  
 account for the 
 
Figure 5.1: Four amide I vibrational modes of a repeating unit of an anti
sheet 
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 Given this polarizability tensor and its corresponding molecular frame, an Euler 
transformation can be used to impose this tensor in the molecular coordinate system onto 
the four peptide units of the Pauling-Corey β-sheet.  The Euler transformation used here 
follows the z-y-z convention, which has a matrix in the form of 
· =
q−sin(¸) cos() + cos(¸) cos() cos () sin(¸) cos() + cos(¸) cos() sin() − cos(¸) sin()−cos(¸) sin() − sin(¸) cos() cos () cos(¸) cos() − sin(¸) cos() sin () sin(¸) sin()sin() cos () sin() sin() cos() r       
          (5.3)   
and the rotations are carried out using equation (5.4). 
     ¥:;< = ·¥CE"·e    (5.4)  
 We define a positive rotation as a rotation in the counter-clockwise direction.  The 
four Euler angle sets used to rotate the peptide units comprising the β-sheet repeating unit 














The first Raman polarization tensor of the anti-parallel β-sheet structure in the Pauling-
Corey coordinate system can be calculated as: 
¥ =
g−0.15 0.36 −0.920.93 0.37 00.34 −0.85 −0.39o g
20.00 0 00 4.00 00 0 1.00o g
−0.15 0.36 −0.920.93 0.37 00.34 −0.85 −0.39o
e
=
g 1.80 −2.17 −1.89−2.17 17.75 5.12−1.89 5.12 5.44 o                            (5.5) 
 The four resulting Raman polarization tensors after the rotation are 
¥ =  g 1.80 −2.17 −1.89−2.17 17.75 5.12−1.89 5.12 5.44 o,   ¥ = g
1.80 −2.17 1.89−2.17 17.75 −5.121.89 −5.12 5.44 o,  
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¥ =  g1.80 2.17 1.892.17 17.75 5.121.89 5.12 5.44o,  ¥G =  g
1.80 2.17 −1.892.17 17.75 −5.12−1.89 −5.12 5.44 o.       (5.6) 
The transition Raman polarizability tensor of the A, B1, B2 and B3 modes of the 
repeating unit of the β-sheet structure can be calculated from these Raman polarizability 
tensors, with the phase differences of these modes being considered (Figure 5.1). 
A mode:    
    ¥ì(J,J) = ∑ ¥G9 = g7.2 0 00 71.00 00 0 21.76o                       (5.7) 
B1 mode: 
¥ì(J,) = cos (Þ)¥ + cos (Þ)¥ + cos (0)¥ + cos (0)¥G = g 0 8.68 08.68 0 00 0 0o               (5.8) 
B2 mode: 
¥ì(,J) = cos (0)¥ + cos (Þ)¥ + cos (Þ)¥ + cos (0)¥G = g 0 0 −7.560 0 0−7.56 0 0 o          (5.9) 
B3 mode: 
  ¥ì(,) = cos (Þ)¥ + cos (0)¥ + cos (Þ)¥ + cos (0)¥G = g0 0 00 0 −20.480 −20.48 0 o      (5.10) 
As seen from these modes, the A mode dominates the Raman spectra of the anti-parallel 
β-sheet structures, which was also experimentally observed.95 




Figure 5.3: Orientation of the IR transition dipole moment of the individual peptide 
unit comprising the anti-parallel β-sheet structure. The dipole moment lies in the 
plane that is inclined at an angle of 25
o
 to the strand axis, and makes an angle of 19
o
 
to the axis that connects the two successive α-carbons of the two strands. 
 
The calculation of the IR transition dipole moment of the individual peptide unit 
comprising one repeating unit of the anti-parallel β-sheet structure (shown in Figure 
5.3)99 has been reported by Marsh.93 We slightly modified Marsh’s projection by 
transforming the dipole moment of the peptide unit into Tsuboi’s frame, followed by a 
transformation into the Pauling-Corey frame using the Euler transformation that was 
introduced previously in section 5.3.2.  We have verified the outcome of this approach 
(projection followed by rotation) with the results obtained from the conventional 
projection to ensure that the proper rotational operations were performed.  The final 
calculated dipole moments of the four peptide units are 
 I = g−0.130.950.30 o , I = g
0.13−0.950.30 o, I = g
−0.13−0.95−0.30o, IG = g





From these transition dipole moments of the four individual peptide units in a β-
sheet repeating unit (Figure 5.1), one can see that the symmetric A mode is inactive in IR 
spectroscopy. The overall transition dipole moment of the B1, B2 and B3 vibrational 
modes can be calculated: 94  
B1 mode: Iì(J,) = cos (Þ)I + cos (Þ)I + cos (0)I + cos (0)IG = g 00−1.2o        (5.12) 
B2 mode: Iì(,J) = cos (0)I + cos (Þ)I + cos (Þ)I + cos (0)IG = g 03.800 o         (5.13) 
B3 mode: Iì(,) = cos (Þ)I + cos (0)I + cos (Þ)I + cos (0)IG = g0.5200 o         (5.14) 
The calculated overall dipole moment is indeed supported by the experimental 
observations with a strong peak at 1635 cm-1. This low frequency mode was assigned to 
the B2 representation, while the high frequency absorption peak at 1685 cm
-1 was 
assigned to be the B1 representation (Figure 5.1 and equation 5.2). If we define the 
molecular (a, b, c) frame to be superimposed with the lab (x, y, z) coordinate system, the 
B2 mode of the β-sheet structure is y polarized, and the B1 mode is z polarized. As one 
can see from the calculated dipole moments, the strong mode is along the y axis, which 
belongs to the B2 representation. Additionally, the calculated intensity ratio between the 
B1/B2 modes agrees fairly well with the value reported by Choi et al. Applying normal 
mode analysis of the amide I vibrations, Choi reported the B1/B2 intensity to be around 
0.11 versus our calculated value of 0.10. However, Choi’s calculation predicts quite 
different peak centers for the B1 and B2 modes as previously done by the work of 
Miyazawa, Tsuboi, Krimm and Marsh.100 
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5.3.4 SFG data analysis for anti-parallel β-sheet structures based on the 
calculated IR transition dipole moment and Raman polarizability 
tensor.  
The SFG hyperpolarizability tensor, β, is a third-rank tensor with 27 elements.  It 
is a tensor product of the Raman polarizability tensor and the IR transition dipole 
moment. Hence, a vibrational mode is only SFG active when it is both IR and Raman 
active. Therefore, B1 (components µc and αab), B2 (µb and αac) and B3 (µa and αbc) 
vibrational modes of the anti-parallel β-sheet are SFG active. Conventionally, chiral 
signal was believed to arise primarily from the double resonance SFG process, in which 
the Raman tensor is asymmetric.101, 102 However, Shen and colleagues used perturbation 
theory of vibrational SFG to predict that the generation of chiral signal is plausible in 
vibrational SFG without the requirement of an asymmetric Raman tensor.101, 103 
Evidentially, our laboratory has also experimentally observed strong chiral vibrational 
SFG signal with the anti-parallel β-sheet, which was also predicted by Simpson and 
coworkers.81, 104 
In this chapter, we report the SFG achiral signal observed in ssp polarization 
combination and the SFG chiral signal observed in spp polarization.81, 105 
		
() = í;;<;;<()                       (5.15) 
	

() = í;:<;:<() + í;<:;<:()                           (5.16) 
The normalized Fresnel factors Lyyz, Lyzx and Lyxz are calculated to be 11.0, 5.2 and 
1.0, respectively for our experimental geometry which has been described in our previous 
publications.2, 88  These Fresnel coefficients were normalized relative to Lyxz so that the 
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refractive index of the interfacial medium (PS/peptide solution interface and lipid bilayer 
with the peptides) does not need to be determined explicitly. 
To relate the molecular SFG hyperpolarizability, βabc, to the macroscopic SFG 
susceptibility, :;<() , we use a set of three Euler angles φ, θ, and ψ representing the in-
plane rotation, the tilt angle and the twist angle, respectively.  The transformation matrix 
therefore can be written as 
8 = (8(¸ψ)8()8(φ))e = 
fg cos (ψ¸) sin (ψ¸) 0−sin (¸ψ) cos (¸ψ) 00 0 1o g
cos () 0 −sin ()0 1 0sin () 0 cos () o g
cos (φ) sin (φ) 0−sin (φ) cos (φ) 00 0 1op
e
= 
qcos(ψ) cos() cos(φ) − sin(ψ) sin(φ) −sin(ψ) cos() cos(φ) − cos(ψ) sin(φ) sin() cos(φ)cos(ψ) cos() sin(φ) + sin(ψ) cos(φ) −sin(ψ) cos() cos(φ) − cos(ψ) cos(φ) sin() sin(φ)−cos(ψ) sin () sin(ψ) sin () cos() r   
               (5.17) 
The macroscopic SFG susceptibility quantity, χïðñ() , can be described by the 
molecular hyperpolarizability tensor components: 90, 106-110 
123() = ∑ 56〈81′82′83′〉>′′′′′′9:′;′< ′                    (5.18) 
 The three vibrational modes of the anti-parallel β-sheet can be observed in the 
laboratory coordinate system by the following relations: 
 
B1 mode:   
χððñ() = 12 Ns(cos()cos(ψ)sin(ψ) − cos3() cos(ψ) sin(ψ)) ∗ βabc 
χñññ() = Ns(cos3() cos(ψ) sin(ψ) − cos()cos(ψ)sin(ψ)) ∗ βabc 
χðñï() =  Nssin2() cos2(ψ) ∗ βabc           (5.19) 
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χðïñ() = − 12 Nscos2() ∗ βabc 
B2 mode:  
óôôõ(ö) = ÷ö øù(úûù(ü)úûù(ý)ùþ(ý) − úûù(ü) úûù(ý) ùþ(ý)) ∗ ú 
χñññ() = Ns(cos3() cos(ψ) sin(ψ) − cos()cos(ψ)sin(ψ)) ∗ βacb                    (5.20) 
χðñï() = − 12 Nscos2() ∗ βacb 
χðïñ() = 12 Nssin2() cos2(ψ) ∗ βacb 
B3 mode:  
óôôõ(ö) = ÷ö øù(úûù(ü)úûù(ý)ùþ(ý) − úûù(ü) úûù(ý) ùþ(ý)) ∗ ú 
χñññ() = Ns(cos3() cos(ψ) sin(ψ) − cos()cos(ψ)sin(ψ)) ∗ βbca 
χðñï() =  Nscos2() ∗ βbca       (5.21) 
χðïñ() = − 12 Nssin2() cos2(ψ) ∗ βbca 
 According to the above equations, the hyperpolarizability quantities βabc, βacb and 
βbca can be used for orientation analysis and can be calculated from the Raman tensors 
and IR transition dipoles found in sections 3.2 and 3.3. 
>CE" = 8.68 ∗ (−1.20) = −10.42 
>C"E = −7.56 ∗ 3.80 = −28.73       (5.22) 
>E"C = −20.48 ∗ 0.52 = −10.65 
SFG vibrational spectroscopy is a technique in which signal intensity is dependent 
on the orientation of the oscillators and is intrinsically sensitive to asymmetric systems 
(or systems with no inversion symmetry).  It was questioned previously whether SFG can 
be used to study β-sheet structure due to its semi-symmetric structure. We successfully 
detected both chiral and achiral SFG amide I signals from interfacial β-sheet structures, 
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even though such signals are weak.81, 84 In principle, all three SFG active modes, which 
are related to the molecular hyperpolarizability components βabc, βacb and βbca (equations 
5.19, 5.20, 5.21), can be observed using SFG. However, given that βabc is roughly 3 times 
higher than the next strongest vibrational mode (9 folds stronger in intensity), we will 
focus on the detection of achiral and chiral signals of the B2 vibrational mode for the 




Figure 5.4: The relationship between the SFG susceptibility ratio 
óö(ö)ó
ö(ö)  and the tilt 











We will also demonstrate the feasibility of applying the interference enhancement 
method to enhance the chiral signal in situations in which none of the chiral signals is 
observed directly, as in the case of tachyplesin I adsorbed onto DPPG/dDPPG lipid 
bilayers.  The spp spectrum was deduced by using interference between ssp and spp, 
where the visible polarization was tuned ±20o away from the p polarization.81   
(±20) =  	|		
() sin(±20) + 	

() cos (±20)*F∆|       (5.23) 
where K is a constant and ∆  is the phase difference between 		
()  and 	

() . The 
relationship between the SFG susceptibility ratio 
χ()
χ()  and the two orientation angles  
and ψ is shown in Figure 5.4, illustrating the ability to determine the two orientation 
angles based on observed SFG signal. Figure 5.5 shows the relationship between the SFG 
susceptibility component χ	

()  of the B1 mode and the tilt () and twist angle (ψ) of the 





Figure 5.5: The relationship between the SFG susceptibility component ó(ö)  of the 














Figure 5.6: The relationship between the SFG susceptibility component ó(ö)  of the 
B2 mode and the tilt (ü) and twist angle (ψ) of the β-sheet 
 
    
5.4. Experimental results and discussion 
5.4.1. The interaction between tachyplesin I and PS polymer surface.   
SFG spectra were collected from the PS/tachyplesin I solution (700 nM) using 
different polarization combinations such as ssp (Figure 5.7) and spp (Figure 5.8). As we 
discussed in our previous publication81, ssp polarization combination can be used to 
probe achiral signal, while spp polarization probes the chiral signal of the molecule. The 
ssp signal (Figure 5.7) has several contributions which are centered at 1635 cm-1, 1642 











peaks. These signals correspond to the B2 mode, unordered structure, β-turns/unordered 
structures, B1/inter-β-strand and B3/side chains, respectively.20, 81, 93 The spp spectrum 
(Figure 5.8) is dominated by a peak centered at 1635 cm-1, belonging to the B2 mode. A 
very weak peak centered at 1685 cm-1 from the B1 mode, along with two weak bands at 
1615 cm-1 and 1710 cm-1, are also observed.  The peak at 1710 cm-1 is likely to arise from 
the B3 mode, which has been predicted to appear around 1720 cm
-1
. From the spectral 
fitting outcomes, the intensity of this peak matches closely with the calculated result. If 
this is true, we once more demonstrate the superb sensitivity of SFG over ATR-FTIR and 
Raman, which have been unable to see this vibrational mode of this particular D2 point 
group.  As we discussed above in section 5.3.4, we can obtain some orientation 
information of the anti-parallel β-sheet structure of tachyplesin I using the signal strength 
measured in these two polarization combinations (ssp and spp).  Due to the D2 symmetry 
point group of the β-sheet structure, orientation information of this structure includes 
both the tilt angle (θ) and the twist angle (ψ). Because the SFG measurements in ppp and 
ssp polarization combination for the D2 symmetry point group are not independent to 
each other; their intensity ratio stays constant (about 2.0), regardless of the β-sheet 
orientation.  We collected ssp and ppp spectra and found that the strength ratio is indeed 
around 2. Even though such a combination of measurements does not provide 
information on orientation determination, it verifies the accuracy of our polarizer settings 




Figure 5.7: SFG amide I spectrum of tachyplesin I (700 nM) adsorbed onto PS 




Figure 5.8: SFG amide I spectrum of tachyplesin I (700 nM) adsorbed onto PS 







































































In this chapter, the average orientation of tachyplesin I on a PS surface was 
determined by combining the results from ATR-FTIR and SFG measurements. Polarized 
ATR-FTIR spectra collected from the PS/tachyplesin I solution interface are presented in 
Figure 5.9.   The orientation determination methodology using ATR-FTIR of the anti-
parallel β-sheet has been previously reported by Marsh.93  Assuming the staggering of the 
hydrogen bond between the adjacent strands is by one peptide unit, the strand tilt angle 
with the sheet was calculated to be 35o (or 60o if the staggering is caused by two peptide 
units).111  The tilt angle, , of the β-sheet structure can be written as 
8§e(sVt* ) = ¨¨ + 〈"	#〉F〈"	#〉 ¨¨                         (5.24) 




Figure 5.9: ATR-FTIR spectra of tachyplesin I (600 nM) adsorbed onto PS surface 
in s and p polarizations. 
  
 Combining ATR-FTIR with the SFG measurements, the following equations can 



































 8§e(sVt* ) = ¨

¨ + 〈"	#〉F〈"	#〉 ¨¨		
() = í;;<χ;;<() = 12 í;;<Ns(〈cos()〉〈cos(ψ)〉〈sin(ψ)〉 − 〈cos3()〉〈cos(ψ)〉〈sin(ψ)〉) ∗ βacb	

() = í;:<;:<() + í;<:;<:() =  í;:<Ns 〈sin2()〉 〈cos2(ψ)〉 ∗ βacb −  í;<:Ns〈cos2()〉 ∗ βacb
    
            (5.25) 
 From experimental measurements the ratio 
()
()  was found to be 1.04 (Figures 5.7 
and 5.8), and the RATR was determined to be 0.95 (Figure 5.9).   After inputting the 
appropriate radiation electric field vectors (Ex, Ey, Ez), we obtained two sets of solutions 
(θ= 76o, ψ= 82o) and (θ= 76o, ψ= 16o) for equations (5.25). However, according to the 
spectral fitting results of the chiral signal observed with spp polarization combination 
(Figure 5.8), there was no discernible B1 mode, which excludes the solution set with ψ= 
16o which would give relatively strong signal in B1 mode (Figure 5.5). Therefore the tilt 
and twist angles for tachyplesin I at the PS/tachyplesin I solution are 76o and 82o, 
respectively. This result agrees with our recent molecular dynamics simulation outcomes, 
which will be presented in an upcoming report.  
 In addition to the PS, we also applied a similar method to study molecular 
interactions between tachyplesin I and sulfonated polystyrene. Similarly, both SFG chiral 
and achiral amide I signals were observed. To ensure that the observed SFG signal is 
indeed from the β-sheet structure, dithiothreitol (DTT) was added to the interaction 
medium before the additions of the peptide, which can denature the native structure of 
tachyplesin I by breaking the disulfide bonds.  With the presence of DTT in the 
interaction medium, after the addition of the peptide, no chiral signal was observed from 
the s-PS/tachyplesin I solution interface in spp polarization combination (Figure 5.10) 
and the ssp spectrum underwent a significant blue shift (Figure 5.11). The blue shift seen 
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in the ssp spectrum corresponds to the loss of β-sheet signal centered at 1635 cm-1. The 
disappearance of the chiral signal and the spectral change in the achiral signal after the 
addition of DTT indicates the original chiral signal and the 1635 cm-1 peak in the ssp 
spectrum are contributed by the β-sheet structure. The detailed data analysis suggests a 
slightly different orientation of tachyplesin I at the sulfonated PS/tachyplesin I solution 
interface, which will be reported in the future.  
 
Figure 5.10: The chirality of tachyplesin I was broken upon the addition of DTT, 
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Figure 5.11: SFG ssp amide I spectra of tachyplesin I adsorbed to sPS surface with 
and without addition of DTT. 
 
5.4.2. The interaction between tachyplesin I and DPPG/dDPPG lipid 
bilayer.   
 Tachyplesin I is an effective antimicrobial peptide that interacts with bacterial and 
mammalian cell membranes differently.112, 113 Using SFG, we successfully probed 
different interactions and orientations of tachyplesin I in both model mammalian and 
bacterial cell membranes. In brief, tachyplesin I does not bind effectively onto 
zwitterionic lipids such as 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine (POPC) 
or 1,2-Dimyristoyl-sn-Glycero-3-Phosphocholine (DMPC), which are similar to the 
major components of mammalian cell membranes. On the other hand, it binds quickly to 
the negatively charged lipid such as 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-[Phospho-rac-(1-































membranes) by the aid of the electrostatic attraction. We also obtained the SFG amide I 
achiral and chiral signal of membrane bound tachyplesin I (Figures 5.12 and 5.13). The 
achiral signal from the peptide is relatively strong; however, the chiral signal could not be 
observed directly using the spp polarization combination. The interference enhancement 
method, which was discussed in our previous publication81, was implemented to deduce 
the weak chiral signal. A chiral spp spectrum was deduced, dominated by a clear peak 
centered at around 1685 cm-1, featuring the B1 vibrational mode (Figure 5.13). By 
combining the signal strengths of the B1 and B2 modes, the orientation angles of 
tachyplesin I on the DPPG/dDPPG lipid bilayer can be estimated (Figures 5.5 and 5.6): 
the tilt angle (θ) has a range of 70-80 degrees and the twist angle (ψ) has a range of 0-15 
degrees. Tachyplesin I evidently adopts quite a different twist angle on DPPG/dDPPG 
lipid bilayer than it does on PS or sPS polymer surfaces. The different twist angles must 
be caused by the different molecular interactions between tachyplesin I and polymer 
surfaces and between tachyplesin I and negatively charged lipids.  We believe that this is 
the first time the orientation information (θ, ψ) of antimicrobial peptides with β-sheet 
structure in cell membranes is determined using vibrational spectroscopies.  Such 
information is important in understanding molecular mechanisms of interactions between 
β-sheet peptides and cell membranes, aiding in the design and development of improved 




Figure 5.12: SFG spectrum of tachyplesin I (~700 nM) adsorbed onto DPPG/dDPPG 




Figure 5.13: SFG spectrum of tachyplesin I (~700 nM) adsorbed onto DPPG/dDPPG 






























































 In addition to tachyplesin I, other peptides with β-sheet structure, such as 
subtilosin A, have also been studied using SFG. Details on such results will be reported 
in the future.  
5.5. Conclusion  
 In this chapter, for the first time, a systematic method for determining β-sheet 
orientation on surfaces using SFG vibrational spectroscopy together with ATR-FTIR was 
presented.  Using the bond additivity model, the IR transition dipole and the Raman 
polarizability tensor were calculated for the β-sheet structure.  From the calculated IR 
dipole and Raman polarizability, the molecular hyperpolarizability was found, which was 
used to determine the tilt angle (θ) and the twist angle (ψ) of the β-sheet at different 
interfaces.  Using SFG, the chiral and achiral components of the B2 vibrational mode 
were selectively probed and were ultimately used to deduce the orientation of tachyplesin 
I adsorbed to a PS surface. The relative SFG signal intensities of B1 and B2 modes were 
then used to estimate the orientation angles of tachyplesin I in DPPG/dDPPG lipid 
bilayers.  This methodology can be applied to the study of β-sheets and β-sheet 
containing proteins/peptides on surfaces such as polymer surfaces or cell membranes in 
situ, with the capability of performing real time studies on conformational changes that 
occur in many interfacial proteins.  In the future, various signal enhanced methods will be 
developed to directly probe modes other than B2 to provide additional measured 
parameters. If all the vibrational modes B1, B2 and B3 can be probed, more complicated 
orientations or orientation distributions that protein/peptide molecules adopt can be 
determined. Coupled with previously reported orientation analysis of α-helices1, this 
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method lends itself to the study of larger and more complex interfacial proteins that have 
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Even though it has been only twenty years after the first SFG spectrum was 
published, SFG has been developed rapidly into a powerful and versatile technique to 
study many important topics in surface science. SFG has been applied to investigate a 
wide range of systems from different materials (semi-conductors, adhesives, anti-
biofouling coatings, etc.) and biosensors (for homeland security applications as well as 
uses for medical diagnostics) to biological molecules such as proteins, peptides, and 
lipids. I have been fortunate to have the opportunity to apply SFG to investigate 
interfacial structures of biomolecules.  In spite of the fact that the learning curve of SFG 
(both in the theoretical and experimental aspects) is definitely not on the flat side, I am 
glad that all the efforts and hassles I have gone through were worthwhile. The more I get 
involved in working with this technique, the more suitable and unique I realize SFG is for 
studying complex topics in surface chemistry. The difficulties and hassles one may 
encounter in learning the SFG technique are rewarded by substantive structural 
information of interfacial molecules which no other optical vibrational techniques can 
provide.     
 Some analytical techniques can be interface/surface sensitive because their 
penetration depth is small. Structural studies of interfacial biomolecules require the right 
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“penetration depth” which should closely match the effective thickness of the interfacial 
biomolecules under investigation. However, each biological system has its own 
properties; therefore, having a fixed penetration depth will eliminate the versatility of the 
spectroscopic technique being used. Luckily, in most cases, the concept of “penetration 
depth” does not exist in SFG vibrational spectroscopy. Due to its selection rules, SFG is 
intrinsically surface sensitive and is blind to the bulk, which makes SFG an excellent 
surface specific tool among all the other conventional spectroscopic techniques. 
Having tremendous potential in surface chemistry research, SFG requires 
interpretation or data analysis to translate the language in spectroscopy to “a picture” or 
“a story” that makes sense to somebody who is not a spectroscopist. During the past 
twenty years, many mathematical models have been proposed and applied in the 
interpretation of SFG signals. This dissertation focuses on applying the bond additivity 
model and group theory in the orientation analysis methods for various secondary 
structures in proteins or peptides. In chapter 2, we applied these two primary means in 
solving the tilt angle of α- and 3-10 helical structures using SFG. The bond additivity 
model and group theory have been used by our group previously in the tilt angle 
calculation of an ideal α-helix (which is comprised of integer multiples of 18 amino acid 
residues). My work in chapter 2 refines that methodology, which allows for the 
orientation determination of interfacial α- and 3-10 helical structures of any length. 
Chapter 3 is an application of the method developed in chapter 2. The interactions 
between an antimicrobial α-helical peptide, magainin 2, and two types of lipid bilayers 
were studied in chapter 3. Magainin 2 was found to be non-disruptive to a zwitterionic 
lipid bilayer (POPC/POPC bilayer) and formed pores in a negatively charged lipid bilayer 
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(POPG/POPG bilayer). The helical tilt angles of the peptide were also determined 
quantitatively when it interacted with these two lipid bilayers. The outcome of this 
project was correlated well with the results available in the literature.        
Chapter 4 of this dissertation focuses on the SFG study of Cyt b5. In this study, 
the tilt angle of the protein’s α-helical membrane anchoring tail was determined. In 
addition, we performed experiments to investigate the mechanism of the anchoring 
process. It was found that the binding was assisted by the linker region connecting the 
protein’s anchoring tail and the water soluble domain. Without the linker or with a linker 
of shorter length (less than 6 amino acid residues), the anchoring process doesn’t happen. 
Interestingly, we also found that the temperature plays a role in the insertion of the 
membrane anchoring domain. 
Chapter 5 is the other major part of my thesis research work in the Zhan Chen 
laboratory. In this work, an orientation determination methodology using SFG was 
established for the anti-parallel β-sheet structure. We probed SFG signals in different 
polarization combinations to obtain the normal (achiral) and chiral signals of the 
structure. When combining SFG with polarized ATR-FTIR we were able to determine 
the two orientation angles (the tilt and the twist angles) of this particular secondary 
structure. In addition to the proposed methodology, we determined the orientation of 
tachyplesin I (an antimicrobial peptide that has β-sheet structure) on a polystyrene film 
and in a dDPPG/dDPPG lipid bilayer. The presented orientation analysis method 
established for the anti-parallel β-sheet structure opens up the possibility of investigating 
the β-sheet components of complex proteins. This independent set of information would 
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greatly assist the protein structural analysis based on the helical segments which has been 
done so far.   
In this thesis research, my focus is the SFG data analysis methodology 
development for determining interfacial protein and secondary structure orientation and 
applying such methods to deduce interfacial secondary structures’ orientation 
experimentally using SFG as well as other vibrational spectroscopic methods. Previous 
works of the extraordinary individuals in my research group prior to my arrival at 
Michigan are able to show the potential of some of the more complex and powerful data 
analysis approaches. Among these, the maximum entropy approach clearly shows its 
tremendous potential in verifying our calculations. In the instrumental aspect, the two 
dimensional spectroscopic technique, double resonance SFG, promises great potential in 
studies of secondary structures especially structures with chirality. Additionally, using 
double resonance SFG, we can also investigate the coupling between the molecular 
vibrational modes and electronic transitions of the interfacial chemical groups. More 
advanced data analysis methods and SFG techniques should further develop surface 
chemistry studies, especially the structural determination of interfacial biomolecules. 
Broadband SFG, which uses femosecond lasers, has recently been developed to studies 
biological systems. However, picoseconds lasers are still excellent systems for vibrational 
spectroscopy due to the matching bandwidth of the vibrational modes and the laser 
pulses. Although having lower resolution than narrowband SFG, broadband SFG has the 
potential in studies of surface dynamics and the capability for multiplexing.   
 
 
